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Abstract
Renewable energy power plants require high-efficiency conversion and storage systems that
can store high amounts of energy and can be integrated with the electrical grid to supply that energy
when needed. A lot of devices were tested such as pumped hydro energy storage systems,
compressed air energy storage systems among others, and most of these devices were implemented
and used but with limitations that made their impact on the large-scale energy supply less than
desired. On the other hand, vanadium redox flow batteries (VRFBs) are very promising for this
application because they can store high amounts of energy and are designed to work for long
periods and their solutions can be used indefinitely. However, one major drawback of VRFBs is
their low power density which means that right now they cannot replace non-renewable energy
sources that can provide high amounts of energy in short periods.
Different carbon materials are used as electrodes in VRFBs (carbon felt, paper and cloth), and
each of these materials affects the performance of the battery differently. Modification of these
electrodes by the addition of nanomaterials to their composition can increase the power density of
the battery. Some metal oxides like tungsten oxide can enhance vanadium reactions when used as
composites with the carbon material of the electrode. Other metal oxides are known to inhibit some
of the parasitic reactions that degrade the electrode structure and lower the battery's overall
performance.
This thesis aims to study the effect of using mixed metal oxides with different molar ratios,
different preparation conditions, and different structures on the performance of carbon cloth
electrodes for the negative vanadium redox reaction V2+/V3+. The mixed metal oxide is composed
iv

of tungsten oxide which is expected to enhance the electrode kinetics towards the V2+/V3+ redox
reaction and bismuth oxide is expected to inhibit the parasitic hydrogen evaluation reaction which
is one of the most important problems limiting the VRFB performance. Additionally, the effect of
using different tungsten oxide structures (nanoflakes, nanowires, nanospheres, and ordered
macroporous structure) to modify the carbon cloth electrodes is investigated to verify if the change
in structure leads to a significant change in battery performance.
Results showed that modifying the electrode with the two metal oxides gave an obvious
enhancement effect on the kinetics of the V2+/V3+ reaction and that the enhancement was directly
related to the structure of the metal oxides and the composition of the metal oxide in use. Results
also showed that defective metal oxides gave better than stochiometric oxides due to better
wettability, better conductivity, and more catalytic active sites. The best results for the tungsten
oxide modified carbon cloth electrodes activity was demonstrated by tungsten oxide nanowires
with a peak separation of 67 mV. For the mixed metal oxide, tungsten bismuth oxide with a molar
ratio of W:Bi = 2:1 gave the best activity results with the lowest peak separation (63 mV) and
highest peak current. All the modified electrodes had lower charge transfer resistance than the
pristine carbon cloth electrodes which translate into better electrode performance. The results
showed that the electrode modification using the proposed metal oxide inhibited the parasitic
hydrogen evaluation reaction and increased the electrode stability and that effect was more obvious
for the less active electrodes because the highly active modified electrodes in all cases also
promoted the hydrogen evolution reaction. The results of polystyrene nanospheres preparation to
be used as hard templates to prepare porous metal oxides showed that spheres as low as 50 nm
with high monodispersity could be prepared using SDS with the right preparation conditions.
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Chapter 1: Introduction and Scope of Thesis

Chapter 1: Introduction and Scope of Thesis
1.1. Energy crisis
Our planet's population is increasing disturbingly. The human population went from 2.5 billion
in 1950 to 7.6 billion in 2017 and it is expected to reach 11.2 billion in 2100.1 These numbers are
not something to take lightly as our planet's resources are limited and we already have trouble with
food, fresh water, sanitation, and diseases among other things. However, energy is the most
pressing concern right now because our world runs on electricity and transportation and the
massive increase in population means an increase in energy consumption from 54,335 TWh in
1973 to 113,009 TWh in 2017 according to the International Energy Agency (IEA). According to
the agency this energy comes mainly from non-renewable sources like burning cheap fossil fuel
which has serious effects on the environment and is expected to be depleted in the near future.2
Our world relies on fossil fuels by almost 85%3 and a lot of this percentage comes from growing
countries that use fossil fuels to boost their growing industries. Another source of non-renewable
energy is nuclear power plants that release highly radioactive materials which are very dangerous
and hard to dispose of.4 The expected depletion of fossil fuels and the drawbacks of using nuclear
energy and other non-renewable energy sources opened the way for research to find a renewable
energy source that can be used safely with minimum risks. This is when solar, hydro, wind and a
lot more fuel alternatives were investigated to be the fuel of the future. However, after decades of
research, we are still not able to find a way to make renewable energy penetrate the market.
One common problem in renewable energy research is the conversion and storage devices. A
lot of devices were tested like Pumped hydro energy storage systems,5 compressed air energy
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storage systems6 among others, and most of these devices were implemented and used but with
limitations that made their impact on the large scale energy supply less than desired. Then redox
flow batteries (RFBs) were suggested as a way to overcome most of the drawbacks of earlier
methods. RFBs are electrochemical devices to converge and store energy with an ability to be used
on a large scale and as tailored systems.7 The main idea behind RFBs is to use redox reactions to
RFBs are not limited to one type of ions or design and the active material can be in liquid, gas, and
even solid form, they can also be multiple or one element systems, and here is an example of some
types of RFBs that were developed.

1.2. Fuel Alternatives
Scientists have tried for years to find another fuel source that can replace fossil fuels because
if succussed this would be the greatest discovery that will shape the future of the world we know.
Many substances were suggested as fuel alternatives depending on how they compare to fossil
fuels properties. Ethanol8, methanol,8,9 ammonia,10,11 biofuel,12,13, and hydrogen14,15 were
investigated as promising alternative fuels in their pure form or as mixtures. However, each one
has its drawbacks in production, transportation, storage, cost, and in their efficiency compared to
fossil fuels.
Ethanol and methanol are the most researched alcoholic fuels because when they were used
inside specially designed engines for each alcohol, the engine's performance was highly efficient.
Ethanol is already being used as car fuel in a relatively high percentage (20%) in Brazil and almost
all other fuel blends contain ethanol up to 20%.16 However, the problem is that the engine will
need much more volume of both alcohols to produce the same energy output that comes from
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similar gasoline engines. This is due to the fact that the energy density per unit volume of methanol,
ethanol, and gasoline is 0.5,0.66,1 among other factors.16,17 Both alcohols are liquids at room
temperature and can be stored and transported easily and both alcohols are already added to
gasoline in various fuel blends around the world.9 Moreover, methanol is considered to be toxic
and has higher corrosion potential than gasoline among other drawbacks,18 while ethanol has low
heating value compared to gasoline and the release of formaldehyde in low oxygen combustion
which causes the formation of ground-level ozone which have environmental and health problems.
Hydrogen is considered to be the fuel of the future as it is the highest available element all
around the universe and it is the cleanest energy source to be used.15 Hydrogen fuel byproduct is
only water and that makes it an emission-free energy source that can solve most environmental
problems. Additionally, hydrogen is produced from many sources and industries on earth which
solves any fuel supply problem that may arise. Hydrogen has a high energy density around 130
MJ/kg,19 but there are still many limitations for commercial use of hydrogen as a fuel. The current
engines in the market require the use of liquid fuels which means that hydron needs to be liquefied
in a costly and energy-consuming process. Additionally, the high pressure and the flammability of
hydrogen make the storage and transportation of hydrogen a challenge to overcome.14,20
Ammonia is another promising fuel to be used because it can be produced in large quantities
and it is also a clean energy source that gives only water and nitrogen when burned.21 Ammonia
has the advantage of already being transported and stored in large amounts as it is used in fertilizers
all around the world.22 However, on the other hand, ammonia is toxic, flammable, and can cause
serious health problems,23 and many nitric oxides could be formed as byproducts that have many
environmental and health-related consequences.24 Many other alternative fuels and fuel blends are
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being investigated today in the endless effort to overcome the challenges of fossil fuel depletion.
However, this is not enough because even if alternative fuels became available, we still need
efficient energy conversion and storage systems that can be integrated within the everyday use of
the growing countries.

1.3. Redox flow batteries
Redox flow batteries received attention as both energy conversion and storage systems that
use different types of redox couples as fuel sources that can be used over and over again.25 RFBs
are an interesting choice to be considered as they have relatively acceptable costs because of their
modularity that allows for the installment and replacement of their parts at lower costs than other
storage systems. RFBs has flexible operation conditions and can be charged and left for long
periods without any major losses in addition to the fact that it can be fully discharged without
causing any problems to the battery. RFBs can be adjusted in size to be suitable for most desired
usage with the ability to be transported easily between locations as required.26 Many kinds of
RFBs27–30 were proposed and tested and some of them are described below.
- Iron/chromium: They were the first type of RBs to be used in the '70s due to low materials
cost.31 Iron reacted at the positive electrode while chromium reacted at the negative electrode
which was a carbon felt electrode in both cases with modifications to the negative CF electrode to
account for the slow kinetics of chromium reactions. Chromium kinetics along with the ions
mixing and low energy density made this system disappear in favor of other superior systems.
Equations (1.1) and (1.2) show the redox reactions of this system which is a single electron transfer
system.32

Page | 4

Chapter 1: Introduction and Scope of Thesis
𝐹𝐹𝐹𝐹 3+ + 𝑒𝑒 − ��������� 𝐹𝐹𝐹𝐹 2+

𝐶𝐶𝐶𝐶 3+ + 𝑒𝑒 − ��������� 𝐶𝐶𝐶𝐶 2+

𝐸𝐸 𝑜𝑜 = 0.77 V 𝑣𝑣𝑣𝑣 SHE

𝐸𝐸 𝑜𝑜 = −0.41 V 𝑣𝑣𝑣𝑣 SHE

(1.1)
(1.2)

- Bromine/polysulfide: This is a more reliable RFB that uses bromine at the positive electrode
and sulfur at the negative electrode. Both main elements are available and cheap, and all the active
ions are negative and that will help in preventing the mixing of ions by simply using a cation
exchange membrane. However, this is not a perfect system and some drawbacks also limited its
use on a wide base. The redox reactions at both electrodes are presented in equations (1.3) and
(1.4),33 here the system is a two-electron transfer system.
𝐵𝐵𝐵𝐵3− + 2 𝑒𝑒 − ��������� 3 𝐵𝐵𝐵𝐵 −

𝑆𝑆42− + 2 𝑒𝑒 − ��������� 2 𝑆𝑆22−

𝐸𝐸 𝑜𝑜 = 1.087 V 𝑣𝑣𝑠𝑠 SHE

𝐸𝐸 𝑜𝑜 = − 0.265 V 𝑣𝑣𝑣𝑣 SHE

(1.3)
(1.4)

- Hybrid redox-flow batteries: These types of RFBs have mixed active material, liquid-solid for
example, and that makes the reactions more complex than normal RFBs. Examples include
zinc/bromine34–36 (sometimes other halogens) equations (1.5) and (1.6) and zinc-cerium37,38
batteries that used solid zinc as a negative electrode and that gave higher energy density,39 but a
lot of issues like corrosion and self-discharging limited their use as well.40
𝑍𝑍𝑍𝑍2+ + 2 𝑒𝑒 − ��������� 𝑍𝑍𝑍𝑍

𝐵𝐵𝐵𝐵3− + 2 𝑒𝑒 − ��������� 3 𝐵𝐵𝐵𝐵 −

𝐸𝐸 𝑜𝑜 = −0.76 V 𝑣𝑣𝑣𝑣 SHE

𝐸𝐸 𝑜𝑜 = 1.087 V 𝑣𝑣𝑣𝑣 SHE

(1.5)
(1.6)

- All vanadium redox flow batteries: these types of systems use only one element which reduces
the contamination or mixing of ions and that means a longer electrolyte life cycle. Vanadium
reactions are V2+/V3+ at the negative electrode and V5+/V4+ at the positive electrode and we will
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discuss those reactions in detail in the following chapters. These types of RFBs are the most studied
and promising of all RFBs as experiment results show and some large-scale VRFBs are in use
today.41

1.4. Limitations of all-vanadium redox flow batteries
Although VRFBs seem to be a promising solution for energy storage, some limitations still
hold widespread commercialization of the system. The low power density of VRFBs is one of the
major obstacles to overcome, and that, in turn, will enhance the performance of the battery while
reducing the installation costs at the same time.
Power density can be expressed as the power to volume ratio and it indicates the ability of a
system to output amounts of energy based on its volume. It is an important factor in the
performance of a battery as it will specify its ability to provide high amounts of energy when
needed (at peak times). Moreover, high power density means that the battery will not just release
energy quickly but it will charge quickly as well. The battery cell stack size controls the power
density of VRFBs. This means that we have to have a high number of cells to provide high power
density and that will lead to higher costs. Furthermore, the ion exchange membrane is highly
expensive with 40% of the total cost as some studies report.42
Many methods were implemented to improve the power density but almost all of them
increased the polarization loss, which will decrease the energy density and that is not acceptable.
This is why the trend now is to increase the power density by medications that will lead to lower
the three types of polarization (electrochemical, ohmic, and concentration).
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VRFBs also have capacity losses and performance degeneration due to some side reactions
such as the formation of V2O5 and gas evolution when it is overcharged (hydrogen at the negative
electrode and oxygen, chlorine, and CO2 at the positive electrode43). In addition to the crossover
of ions through the membrane which leads to a transfer of water that changes the volume of the
tank solutions.44 The deterioration of some membranes could also occur due to the oxidation ability
of V5+ ions.43,45 Additionally, the gas evolution could cause a depletion in the battery charge and a
reduction in the surface area of the electrode46,47 as well as a decrease in the overall cell
efficiency.43,47 VRFBs need special heating systems to keep the battery temperature at the optimal
working temperature between 10 and 40 oC to avoid ions precipitation.48

1.5. Scope of Thesis
VRFBs are multiple components devices which performance is affected by any modification
to their component. Most reported literature on VRFBs electrodes mentions the use of modified
carbon electrodes mostly as graphite felt, carbon felt, or carbon paper. However, graphite felt and
carbon felt have a large surface area but high resistance due to their thickness, while carbon paper
has low resistance and a small surface area that would limit its ability to provide high power density
and force the use of multiple layers of carbon paper to prepare the electrode. Our work aims to use
a modified carbon cloth electrode that has a higher surface area than carbon paper and lower
resistance than carbon felt to investigate the modification effect on the electrochemical kinetics of
mainly V2+/V3+ redox reactions.
Heat treatment is known as one of the ways to enhance the conductivity and electrocatalytic
activity of carbon electrodes to an extent. This is due to the increase in oxygen functional groups
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at the electrode surface which enhances the wettability and provides active sites for the vanadium
species to react on.49–51 Tungsten oxide is also known to increase the electrocatalytic activity of
carbon-based electrodes towards both vanadium redox reactions as discussed in the following
chapters because it provides active adsorption sites for vanadium species and increases the surface
content of oxygen. Tungsten is also known to have high stability in acidic solutions as well making
the electrode more stable and decreasing the degradation effect of the used electrolyte. However,
tungsten oxide in its stochiometric structure has low conductivity and it is expected to promote the
hydrogen evolution reaction HER when used for V2+/V3+ redox reaction.
On the other hand, bismuth is found to enhance the electron transfer reaction kinetics of
V2+/V3+ as it increases the electron transfer efficiency of this reaction while showing no effect at
all for the VO2+/VO2+ reaction.52–54 Moreover, the most desired property of bismuth is the ability
to suppress the hydrogen evolution reaction on the negative side which overlaps with the V3+
reduction reaction potential.55 The main problem with bismuth is that it is unstable in acid solutions
at the applied potential in VRFBs and it tends to dissolve when used.
To our knowledge carbon cloth modified, tungsten oxide, and bismuth oxide composite
electrode was never used for the negative VRFBs redox reaction. Therefore, in this work and to
overcome the disadvantages of each component, the carbon cloth will be modified using heat
treatment, tungsten oxide, and bismuth oxide. Heat treatment will enhance the electrode
conductivity, activity, and wettability, while both metal oxides will increase the oxygen surface
content. The presence of bismuth oxide is expected to enhance the electrode electrocatalytic
activity towards V2+/V3+ and inhibit the hydrogen evolution reaction on the negative side. Oxygen
functional groups and tungsten oxide are expected to enhance the stability of bismuth oxide in the
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acidic electrolyte. The effect of the electrode preparation conditions, metal molar ratios, different
loading, and different oxide structures will be investigated. This will give insightful information
on the effect of each parameter on VRFBs performance using electrochemical characterization
techniques.
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2.1. VRFBs basic principles of operation
(RFBs) have a simple main design that allows for modifications of the battery without
compromising any of the advantages it provides. Figure 2.1 demonstrates the basic design of
VRFBs. All types of RFBs have two external tanks of electrolytes as shown, one tank is attached
to the positive electrode (catholyte) while the other is attached to the negative electrode (anolyte).
These electrolyte tanks control the energy density of the battery, and this design allows for
optimization according to the specific need. The second important part is the electrochemical cell
which controls the power density through the size and the number of cells. The cell has almost the
same main parts in all kinds of RFBs and Figure 2.2 demonstrates a basic design of the cell that
can be changed according to the intended use.
During the charging cycle, the ions are reduced and oxidized, then stored in the tanks and that
continues to happen until all the ions are transformed. Then when energy is needed the ions are retransformed during the discharge cycle releasing the energy they stored into the electrical grid. We
can see from Figure 2.1 that the redox reactions of VRFBs during charge and discharge cycles are
one-electron reactions which makes them faster than other redox reactions. The following
equations (Equation 2.1, and 2.2) show how protons are produced,56 which will then diffuse
through the ion exchange membrane while the electrons travel in the outer circuit.
𝐶𝐶ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 → 𝑉𝑉 3+ + 𝑒𝑒 − ↔ 𝑉𝑉 2+ ← 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝐸𝐸𝑉𝑉𝑜𝑜3+/ 𝑉𝑉 2+ = −0.255 𝑉𝑉

𝑜𝑜
𝐶𝐶ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 → 𝑉𝑉𝑉𝑉2+ + 𝐻𝐻2 𝑂𝑂 ↔ 𝑉𝑉𝑉𝑉2+ + 2 𝐻𝐻 + + 𝑒𝑒 − ← 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝐸𝐸𝑉𝑉𝑉𝑉
+
/ 𝑉𝑉𝑉𝑉2+ = 1.004 𝑉𝑉
2

(2.1)
(2.2)
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Overall reaction:
𝑜𝑜
𝐶𝐶ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 → 𝑉𝑉 3+ + 𝑉𝑉𝑉𝑉2+ + 𝐻𝐻2 𝑂𝑂 ↔ 𝑉𝑉 2+ + 𝑉𝑉𝑉𝑉2+ + 2 𝐻𝐻 + ← 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝐸𝐸𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜
= 1.26 𝑉𝑉

(2.3)

Figure 2.1. Basic VRFB design and working principle.

Figure 2.2. Basic RFB electrochemical cell components.

Page | 11

Chapter 2: VRFBs Background & Literature Review
𝑜𝑜
we can calculate the cell voltage at any given point during the reaction from the
Using 𝐸𝐸𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜

Nernst equation (Equation 2.4). Where R is the ideal gas constant, T is the temperature in kelvin
and F is Faraday's constant (96485 C/mol).57

𝐸𝐸 = 1.26 −

𝑅𝑅𝑅𝑅
𝐹𝐹

�𝑉𝑉𝑉𝑉 2+ � . �𝑉𝑉 3+ �

𝑙𝑙𝑙𝑙 �𝑉𝑉𝑉𝑉+� .
2

[𝐻𝐻 + ] . [𝑉𝑉 2+ ]

(2.4)

Side reactions in the cell are kept to a minimum because the battery uses one element but they
will happen due to contamination with some diffused vanadium ions or due to reactions caused by
the carbon nature of the electrode and this will cause a small amount of self-discharging. Taking
all that into consideration we can measure three types of efficiencies for VRFBs shown in Table
2.1 and those efficiencies indicate how the battery is performing.57 All the factors mentioned above
play significant roles in the design modifications from the classic VRFBs.
Table 2.1. Redox flow batteries efficiency types with some description.
Coulombic efficiency

Side reactions and crossover of
ions will reduce this efficiency

𝐶𝐶𝐶𝐶 =

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
× 100
𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

Voltage efficiency
All of the following affect this
efficiency; membrane ionic
conductivity, electrode materials,
flow rate mass transport of
electrolyte, increase of current
density will reduce this efficiency
because of polarization
𝑉𝑉𝑉𝑉 =

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣
× 100
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣

Energy efficiency

Controlling CE and
VE will control the
energy efficiency of
the battery

EE = CE x VE

Several mechanisms of vanadium redox reactions over different electrode surfaces were
suggested by Skyllas-Kazacos et al.49,58 Yue et al.59 Wu et al.60 Zhang et al.61 Li et al.62 Li et al.63
He et al.64 Jin et al.65 Flox et al.66 Yao et al.67 Zhou et al.68 and Suarez et al.53 In all proposed
mechanisms VO2+ and V3+ ions diffuse to the electrode surface and then adsorption happens. The
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adsorption process is followed by ion and electron transfer which transforms the adsorbed ions
into VO2+ and V2+ which then diffuse from the electrode surface into the solution. These steps are
repeated until all the ions are transformed and the battery is fully charged, and during discharge,
the process is repeated in reverse.

2.2. Commercial carbon electrodes for VRFBs
The electrodes in RFBs are the place where redox reactions happen and the type of the
electrode will play a key role in the performance of the battery. Scientists researched a lot of
electrode materials like metals, metals oxides and it was found that carbon-based materials are the
best to be used. Carbon-based electrodes would have high conductivity, high surface area, and
chemical stability, they would also be relatively cheap and available69 and they can be tailored as
desired for specific properties.
Redox flow batteries that are commercially available right now uses different types of carbonbased electrodes, with carbon felt (CF) and graphite felt (GF) being the most used ones. Zn/Ce
RFB developed by SGL company uses CF electrode,37 FMI and Le Carbonne companies also use
CF electrode in their VRFBs.41,70 CF was used because it provides a high surface area and it could
endure a power density of 1000 A.ft-2 but that would cause a decrease in the cell voltage and
pumping power.71 Some CF electrodes with a power density range of 100 mA.cm-2 are in use today
in the market. However, all these properties of CF including their conductivity and surface area
are because of their thickness which will, in turn, mean more resistance and loss. Due to the above
reasons, carbon paper (CP) was suggested because it is much thinner than CF and that would mean
lower resistance and loss.
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VRFBs manufactured by SGL are using CP in their cell design.72 The use of carbon paper
enhanced some of the desired aspects but other problems appeared because of CP structure and
thickness. Other types of carbon-based electrodes include carbon cloth,73 glassy carbon,74 activated
carbon,75 and different types of porous carbon electrodes. It should be mentioned that these carbonbased electrodes are used after modifications to enhance some properties that bare carbon
electrodes cannot provide or to lower their resistance to make them more effective towards
vanadium redox reactions.

2.3. Modifications of carbon electrodes for VRFBs
The fact that VRFBs are not yet mass-produced is mostly related to the financial cost needed
to reach the desired performance of the battery. The largest portion of the cost of the battery and
its performance comes from the cell stack (membrane, bipolar plates, and the electrode) around
40% and then the electrolyte with 31%76 which depends on the tank size and the amount of needed
electrolyte. The main property of VRFBs that scientists try to enhance is the power density of the
battery which would ultimately mean lower installation costs with better performance. More power
density means faster response time when needed which is important but it also means more losses
leading to a decrease in the overall energy efficiency. The electrode is the component that affects
power density the most and so, to obtain high power density with the desired energy efficiency the
composition and the morphology of the electrode must be improved to minimize the losses as
much as possible. Three types of losses are present in VRFBs and each type is affected by a specific
property of the electrode. The ohmic losses are mainly related to the electrode’s conductivity and
thickness. The electrochemical losses are mainly related to the electrode electrochemical activity
and active sites available for the vanadium redox reactions. Concentration losses are the last type
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and it is mainly affected by the electrode porous structure and wettability and all this can be used
as a guide for modification to control the polarization using physical or chemical treatment
methods. This means that pristine carbon-based electrodes have some catalytic activity and they
can be used as received but the output will be low. This is where modified carbon-based electrodes
started to immerse to overcome the limitation of pristine electrodes and some of the electrode
modification methods are discussed below.

2.3.1. Doping with different elements
As mentioned before power density is the main challenge to overcome in VRFBs and it was
suggested that doping the carbon electrode with heteroatoms like Nitrogen (N), Sulphur (S), Boron
(B), Phosphorous (P), etc. can enhance the performance of the battery. The most studied is Ndoping but other elements have shown very promising results like B and P. The type of element
used in the doping process and the doping method and parameters will affect the behavior of the
electrode which mean that we can tailor the electrode to solve specific problems, and this was
proved and used different energy storage systems.77 Doping is expected to help make the electrode
more hydrophilic as well as more conducive and, in most cases, it helped facilitate the electron
transfer on the electrode/electrolyte interface.
In 2015, He et al prepared an electrode of GF doped with Nitrogen to study its effect on the
performance of VRFB.78 They used the most common way for N-doping carbon electrodes which
is to heat the desired electrode in the NH3 atmosphere at different temperatures (most literature
reported that treatment at 900 oC gave the best results). Two electrodes were prepared one at 600
o

C and the other at 900 oC. It was found that the amount of Nitrogen on the electrode was increased
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by increasing the treatment temperature and it was explained that the reaction between NH3 and
the electrode is more possible at higher temperatures. This increase is associated with a decrease
in oxygen content because N-atoms replaced O-atoms at the electrode surface. A cyclic
voltammetry compression study between the pristine GF, NGF-600, and NGF-900 showed that Ndoping gave higher current peaks and less potential separation which means better kinetics for
both VRFB reactions.
Most researchers gave three reasons for this enhanced electrochemical behavior of N-doping;
first, when nitrogen atoms replace carbon atoms in the electrode structure there will be one more
electron present and that will mean better electrical conductivity. Additionally, when nitrogen
atoms bond with carbon atoms they will produce a high positive charge on the carbon atom that
can act as an active site for redox reactions to happen onto it. Lastly, the nitrogen atoms will make
the electrode more hydrophilic which will give a higher peak current ad more vanadium ions will
reach the electrode surface. The N-doped electrode also shows better charge-discharge
performance after 50 cycles with high stability.
The N-doped electrodes and especially NGF-900 had lower coulombic efficiency than pristine
GF because it has more charge-discharge time and capability, this was noticed in almost all of the
research studying N-doping. While the coulombic efficiency decreased, both the voltage and
energy efficiency increased with N-doping because of the reasons mentioned above that enhanced
the performance of the VRFBs as electrochemical polarization was decreased.
In 2015 He et al.79 also prepared an N-doped CP electrode for VRFBs using the same reported
method above and the same treatment temperatures. CP has less resistance and higher power
density but it also has the same problems with hydrophilicity and electrochemical activity as CF
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and CC. The N-doped CP electrode had enhanced performance towards the V4+/V5+ reaction just
like the NGF with higher current and less peak separation. Moreover, N-doped CP was proved to
be better than pristine CP for the same results the NGF was. The same was true for the chargedischarge cycles and the three efficiencies.
The same results were obtained by Lin et al.80 where they used the chemical vapor deposition
method to prepare an N-doped carbon nanotubes (CNTs) CF electrode to be used in VRFBs. As
predicted the prepared electrode showed enhanced performance for vanadium redox reactions
according to the cyclic voltammetry (CV) results. The peak current (Ip) was higher and the peak
potential separation (∆Ep) was smaller, and the overall efficiency increased as well as the chargedischarge activity as the N-doped CNT provided additional active surface area, better conductivity,
and hydrophilicity.
In 2019, He et al.81 prepared an N-doped CNFs electrode using liquid-phase dispersion and
carbonization method and tested it as a negative electrode for V2+/V3+ reaction in VRFBs, because
it is suggested that the extra electrons provided by N-doping will attract V3+ and V2+ ions easily
facilitating this reaction. The treatment temperatures were (800 - 900 - 1000 oC) and unlike the
previous results discussed above using the same method, the nitrogen doping decreased when the
temperature increased from 800 to 1000 oC due to nitrogen removal and the unstable bonds that
formed using this preparation method. Even though, the 900 oC treated electrode showed the
highest Ip peak and smallest ∆Ep compared to the pristine CNFs and the other electrodes. The
efficiency of the cell followed the same behavior as mentioned before as the coulombic efficiency
decreased and the voltage and energy efficiencies increased with N-doping.
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Lastly, in 2019 Li et al.82 prepared a GF electrode with N-doped graphene oxide on top of it
using freeze-drying and pyrolysis at (500 - 700 - 900 oC) to use it as a positive electrode for
VO2+/VO2+ reaction in VRFBs. The sample at 900 oC had the highest nitrogen content and showed
the best results in cyclic voltammetry with enhanced kinetics and a high current peak and a near 1
ratio between the oxidation and reduction peaks. The overall performance of the cell was better
and showed a promising catalytic activity towards the VO2+/VO2+ reaction due to the N-doping
and the high surface area of the electrode.
Some scientists suggested co-doping other elements with nitrogen to further improve the
electrochemical activity of the electrodes. Huang et al.83 prepared three different CF electrodes
doped with O and N and O/N using gas plasma treating. The electrodes were tested as positive
electrodes in VRFB and the results showed that the O/N CF electrode gave the best performance
and the least resistance and it was explained by the synergetic effect of both doping elements.
Additionally, the cycling stability of the O/N CF electrode is better than the other electrodes.
In another research, Schnucklake et al.84 prepared an N/S-doped CF-carbon composite
electrode using the mentioned method.85 The heat-treated CF at 800 and 1000 oC and a sample
dopped with nitrogen were prepared for comparison. The sample at 1000 oC with N/S-doping had
a very large BET surface area but with the increase of treatment temperature from 800 to 1000 oC
the content of N and S decreased. However, the CF-1000 sample had superior performance towards
the VO2+/VO2+ reaction whereas the pristine CF showed no activity at all and the CF-800 sample
had minimal activity. CV study showed that the N/S-CF-1000 electrode had the best performance
with the highest Ip and a low ∆Ep, but the N-CF-1000 electrode still had less ∆Ep than the N/S-CF1000 electrode.
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The same results were obtained by Pasala et al.86 using a GF electrode doped with both
phosphorus and nitrogen, where it was found to have better performance than N or P alone.

2.3.2. Effect of porosity (pore size, distribution, and shape)
The electrode structure plays an important role in controlling power density by increasing or
decreasing concentration polarization because mass transport of active spices will be affected by
the electrode shape, composition, and porosity. For VRFBs to have high power density they should
have a high-rate flow of electrolytes and that can be achieved through controlling the electrode’s
structural properties.
In 2014 Mayrhuber et al.87 studied the effect of macro-size transport flow channels on the
performance of CP electrodes in VRFBs. The inflicted flow channels were made using CO2 laser
and they were expected to improve electrolyte flow throw the electrode which in turn would
improve the power density of the battery. They studied the effect of different hole sizes (171- 421
nm) with constant hole density (180 holes per cm-2) and different hole densities (96 - 650 hole per
cm-2) with constant hole size (234 nm). Polarization curves were measured against the raw
electrode with a power density of 369 mW.cm-2 showed that the holes with different diameters
gave better power density with 234 nm giving the highest at 447 mW.cm-2 with the highest limiting
current density. Raising the hole diameter higher gave lower results and that was probably due to
the reduction in surface area. Their study proved the necessity of finding a balance between mass
transport and the surface area of the electrode meaning that larger holes won't necessarily mean
better performance because although more of the electrolyte will pass, the available surface area
will decrease. Their study also suggested that the treatment with CO2 laser made the CP have
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functional groups as if it has been thermally treated and as proved by Manahan and Mench.88 The
heat from laser treatment >350 oC was enough to give structural results similar to the heat treatment
of CP electrodes done by Liu et al.89 at 400 oC.
The same results were found when varying hole density electrodes were tested, all the
electrodes gave better performance results than the raw electrode. It was also found that electrodes
with too low or too high hole density gave lower power density results, one due to the lack of holes
for the electrolyte to access and the other is due to the reduction in available surface area. The
highest power density was 478 mW.cm-2 was at 352.8 holes per cm-2 as results showed.
In 2017, Bhattarai et al studied four types of channels they inflected in CF electrodes to see
what channel design would give the best performance in VRFBs.90 These types are represented in
Figure 2.3 and their results were similar to the above-mentioned results that when the flow
channels were too big the performance was low (lower than the no channel electrode) because the
surface area was decreased significantly when the flow channels were created. Their study
concluded that the interdigitated flow channels gave better performance efficiencies and that is
due to the better electrolyte flow distribution throw the channels which gave better access for the
active species. The results also indicated that low flow rates can be used with these channel designs
which means more efficiency.
Additionally, in 2017 Xu et al.91 prepared a CNFs electrode with a porous structure using a
special electrospinning approach and starting from a blend of polyacrylonitrile (PAN) and
Polyvinylpyrrolidone (PVP) and it was labeled (BECNFW) and compared with normal electroconducting non-woven fibers web (ECNFW). The two electrodes gave almost identical results
towards VO2+/VO2+ reactions, but in the case of V2+/V3+, the results were different with BECNFW
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having almost half the peak current of ECNFW as shown in Figure 2.4. X-ray photoelectron
spectroscopy (XPS) analysis explained these results as it showed that the number of O-groups and
N-groups that are known to enhance the V2+/V3+ reactions in BECNFW are much lower due to the
preparation method. The coulombic, voltage, and energy efficiencies of VRFB were higher for the
BECNFW electrode and it reached a current density of 80 mA.cm-2 while ECNFW did not work
above 60 mA.cm-2 at all.

Figure 2.3. (a) Four-channel designs on 4.6 mm carbon felt electrode, (b) Energy efficiency at
different current densities for the four electrodes with different channel designs.

Figure 2.4. Cyclic voltammetry study using ECNFW and BECNFW for (a) VO2+/VO2+ reaction,
and (b) V3+/V2+ reaction.
Page | 21

Chapter 2: VRFBs Background & Literature Review
Recently, in 2019, Yoon et al studied the effect of porosity distribution on the performance of
VRFB by testing three different CF electrode designs, one with uniform porosity, one with low
porosity at the inlet, and the last one with low porosity at the outlet.92 Their analysis proved that
the electrode with uniform porosity gave better electrolyte flow distribution and that meant better
performance than the other two electrodes. They referred that to the low porosity regions which
distributed the electrolyte flow and created empty voids in the electrode where no reaction would
happen and hence decreased the performance. The uniform porosity electrode also had higher
results in all three efficiencies at 50 mA.cm-2, and at 150 mA.cm-2 the behaver was the same but
the difference in energy efficiency between the uniform electrode and the low porosity at the inlet
electrode was reduced. That behavior was confirmed as the uniform electrode energy efficiency
superiority decreased when the current density increased because of the increase of active area
when the electrodes were prepared.

2.3.3. Metal/Carbon electrode
Many noble metals are known to enhance vanadium redox reactions93,94 and noble metals are
inert and will be stable in the highly acidic medium of VRFBs. However, from a commercial point
of view, their use is not favorable due to their high cost in addition to the fact that some of them
increase hydrogen evolution such as platinum, palladium, and gold. Other metals proved to
enhance the performance of carbon electrodes towards vanadium redox reaction such as
manganese, tellurium, indium, and iridium as early research by Skyllas-Kazacos indicted.95
Research indicated that among these metals, iridium had the best activity toward vanadium redox
reaction and with a considerably low overpotential and cell resistance. Many other metals were
suggested to be able to suppress hydrogen evolution such as lead, bismuth, mercury, silver,
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cadmium, beryllium, zinc, etc., and be able to enhance the redox reaction of vanadium species at
the same time. Metal nanoparticles were deposited on the electrode during the battery operation
on the negative side, this could not be done for the positive side as the metal ions will be deposited
as metal oxides and not metal nanoparticles.
Iridium was the most promising metal to be studied with reduced graphene oxide (rGO), CF,
and graphene electrodes. In 2007 Wang and Wang.96 prepared iridium modified CF electrode using
multiple immersion and thermal treatments to achieve specific metal loading to enhance
VO2+/VO2+ redox reaction. X-ray Diffraction (XRD), Scanning Electron Microscopy (SEM), and
Energy Dispersive X-ray Spectroscopy (EDX) analysis results proved the successful preparation
of the modified electrode with a good distribution of iridium nanoparticles on the fiber surface
which would increase the conductivity along with the heat treatment that increases the wettability.
Electrochemical measurements showed that the modified electrode gave much higher currents (59
mA) compared to the thermally treated (29 mA) and pristine (21 mA) electrodes but iridium
modification did not highly affect the peak separation which remained at 260 mV. The modified
electrode decreased the hydrogen and oxygen overpotential and had the lowest resistance
according to the electrochemical impedance spectroscopy (EIS) results.
In 2012 Tsai et al.97 used graphene electrode decorated with iridium nanoparticles prepared
through a reduction process to improve the VO2+/VO2+ redox reaction more. The iridium
modification doubled the graphene electrode peak currents and decreased the peak separation
almost by half (204-127 mV). According to the results, the modified electrode showed superior
activity over the XC-72 electrode which had a peak separation of 249 mV. The effect of iridium is
attributed to the increased conductivity and the increase in surface area and the fact that iridium
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provides active catalytic sites that have a special affinity towards oxygen98 which help increase
vanadium species adsorption and desorption processes.
In 2012 Flox et al.66 modified graphene oxide (GO) electrode using copper/platinum CuPt3
nanoparticles to study the effect of bimetallic modification on the positive vanadium reaction as
platinum is known to improve the electrochemical activity for vanadium reactions. The electrode
was compared with pristine graphene oxide electrode, hydrazine treated graphene oxide electrode,
and platinum modified hydrazine treated graphene oxide electrode. The CuPt3 modified electrode
showed the highest peak current (9 mA) compared to pristine graphene oxide (4 mA) with almost
the same magnitude for the oxidation and reduction peaks and the modified electrode had the
lowest ∆Ep, around (90 mV). This was explained by the increase in the active surface area and the
formation of OH groups on the surface of the metal nanoparticles which act as a catalytic site for
vanadium redox reactions.
In 2012, as well, Huang et al used multi-walled carbon nanotubes (MWCNTs) to boost the
activity of platinum nanoparticles deposited on a graphite electrode.99 MWCNTs will increase the
conductivity and the surface area of the electrode. XRD and transmission electron microscopy
(TEM) results showed that Pt nanoparticles were well distributed over the MWCNTs with a small
Pt size (2.8 nm). Low concentrations of vanadium and H2SO4 were used and CV results showed
that MWCNTs did not give any noticeable current while the Pt/MWCNTs had noticeable activity
towards vanadium redox reactions V2+/V3+ and VO2+/VO2+ with the highest peak current and the
lowest peak separation. The Pt/MWCNTs electrode had 79 mV ∆Ep separation compared to 88
mV for Pt/C electrode for the V2+/V3+ redox reaction. In the case of the VO2+/VO2+ reaction, the
Pt/C electrode had a ∆Ep of 147 mV that decreased to 126 mV for the Pt/MWCNTs electrode.
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These results were consistent for all experiments as Pt/MWCNTs showed improved activity
compared to MWCNTs and Pt/C electrodes.
Then, in 2015, Shen et al proposed the use of antimony nanoparticles as an electrode modifier
due to their high corrosion stability, relatively low cost, and catalytic activity.100 Sb was deposited
on the graphite plate electrode during operation on the negative reaction side. The addition of Sb
enhanced the electrode performance towards the positive and negative vanadium redox reactions
however on the positive side antimony oxide formed instead of antimony nanoparticles. Sb
nanoparticles were deposited uniformly on the electrode surface by the addition of Sb ions to the
electrolyte. Electrode modification increased the reversibility of the electrode and decreased the
peak separation by almost 40% as Sb improved the vanadium species adsorption and desorption
process enhancing the electrochemical activity. Additionally, results showed that Sb nanoparticles
decreased the electrode resistance and improved the battery's overall performance.
The same deposition method was used by Wei et al to investigate the effect of Cu nanoparticles
on graphite electrode performance for the V2+/V3+ redox reaction.101 The addition of Cu will
increase the electrode conductivity and provide highly active reaction sites for vanadium species.
The addition of copper decreased ∆Ep from 143 mV to 119 mV and it also decreased the electrode
resistance proving that Cu nanoparticles had a positive catalytic effect on V2+/V3+ redox reaction.
Results indicated that the modified electrode gave the highest reported performance with 80.1%
efficiency at 300 mA.cm-2 current density and a theoretical capacity of 83.7% indicating that Cu
could be a highly promising modifier for VRFBs electrodes.
In 2017, Mehboob et al.102 studied the catalytic effect of tin nanoparticles on the performance
of VRFBs. Tin was deposited on the surface of a glassy carbon electrode (GCE) during operation
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to give a controlled coverage of the surface with Sn nanoparticles. Electrochemical measurements
showed that Sn addition improved the V2+/V3+ reaction kinetics with higher peak currents and
lower ∆Ep from 1011 mV to 589 mV. Sn had a significant effect on the position of the V3+ reduction
peak and the results showed that 0.01 M Sn2+ ion concentration gave the best performance results
with the best battery efficiency in all charge/discharge tests.
In the same year, Xiang and Daoud103 used indium nanoparticles to modify CP electrodes to
build on Skyllas-Kazacos' findings on indium effects on VRFBs positive electrode. Indium
nanoparticles were deposited using impregnation and calcination. The CP electrode wettability and
surface area increased by the heat treatment and then by indium deposition. The number of surface
oxygen functional groups also increased by the heat treatment enhancing the charge transfer. The
heat treatment with the indium nanoparticles decreased the ∆Ep from 581 to 190 mV and doubled
the oxidation peak current and increased the reduction peak current by five folds in comparison
with the pristine CP electrode. The indium-modified electrode showed the lowest resistance and
the modification proved to enhance the charge transfer process as EIS results showed that the
modified electrode has almost no charge transfer resistance and the vanadium ions diffusion was
the factor that controlled the redox reactions at the electrode surface. In the case of the pristine and
heat-treated CP electrode, the process at the electrode surface was controlled by charge transfer
and diffusion which means that indium addition had the highest effect on the charge transfer
resistance.
Bismuth is the metal that is most researched for VRFBs as it is cheap, non-toxic, and can
inhibit the HER. Researches used bismuth nanoparticles to decorate GF,52,53,104–106 CF,54,105 and
CC electrodes.107 In 2011 Gonzalez et al.104 used bismuth nanoparticles to modify GF electrodes
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using thermal reduction. The electrode was used for the VO2+/VO2+ redox reaction and it showed
high catalytic activity and stability for the redox reaction with high reversibility and a ∆Ep of 50
mV compared to 312 mV for the pristine GF. However, in 2013 Li et al.52 used in-situ
electrodeposition of bismuth nanoparticles by electrolyte addition to enhancing the V2+/V3+ redox
reaction. The modified electrode showed good catalytic enhancement for V2+/V3+ reaction with an
increase in peak current and a decrease in ∆Ep from 311 to 223 mV. The Bi modified electrode
showed high activity and low resistance for the V2+/V3+ reaction but did not show any activity
towards VO2+/VO2+ redox reaction as the applied potential would re-dissolve the bismuth
nanoparticles before the redox potential. The latest research on bismuth nanoparticles electrode
modification was in 2019 by Jiang et al.107 who modified CC electrode with bismuth nanoparticles
using bismuth ions during battery operation. The electrode was used to enhance the V2+/V3+ redox
reaction and the results showed that the electrode had no effect on the VO2+/VO2+ reaction as
mentioned above. CV results showed that the heat-treated bismuth modified CC electrode had the
highest peak current with the lowest peak separation (488-166 mV). EIS showed that the modified
heat-treated electrode had the lowest charge transfer resistance for V2+/V3+ redox reaction because
of the increased conductivity, surface oxygen functional groups, the increased wettability, and the
increase in active surface area.
Although metal catalysts gave promising results, the deposition method had some limitations
to the type of metals that can be used. Additionally, the fact that the deposition is in-situ during the
operation meant that some of the current will be lost during both charging and discharging which
further limits the performance. The repeated deposition and dissolution of bismuth might also lead
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to the formation of large catalyst particles that may contaminate the electrolyte and form a solid
suspension.

2.3.4. Metal oxide/Carbon electrode
Due to the limitation that metal catalyst has, metal oxides were suggested as electrochemical
catalysts for VRFBs. The ionic nature of metal oxide and the availability of oxygen molecules
would help facilitate charge transfer to an extent allowing for better electrochemical performance
and selectivity. Additionally, metal oxides are inexpensive, environmentally friendly, abundant,
and have more corrosion resistance.108 The main problem associated with using metal oxides is the
low electrical conductivity which dramatically limits the performance of the battery.
One of the first metal oxides to be used in VRFBs was tri-manganese tetra-oxide Mn3O4 as
Mn exists in nature in large amounts it is inexpensive and environmentally friendly and it was
expected to have a positive effect on vanadium redox reactions.109 Kim et al. used Mn3O4
supported over CF electrode using a hydrothermal (HT) reaction to enhance the battery
performance.110 XRD and TEM results proved the formation of the oxide over the CF and showed
a good distribution of the oxide nanoparticles. However, the electrochemical results showed that
the oxide was not well attached to the CF surface and that it fell after a few charge/discharge cycles.
Heat treatment at 500 oC under an Aragon atmosphere was used to stabilize the oxide over the CF
electrode where the inert atmosphere prevented the formation of any other functional groups.
Electrochemical characterization using EIS showed that the modified electrode had lower charge
transfer resistance while CV results showed that the modified electrode gave a high peak current
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with the lowest peak separation compared with pristine CF, for the VO2+/VO2+ (710-560 mV), and
the V2+/V3+ (640-600 mV).
To enhance the conductivity of Mn3O4 and He et al.111 used MWCNTs and a graphite plate
working electrode to improve the VO2+/VO2+ reaction. The results showed that the prepared
Mn3O4/MWCNT composite electrode gave a slightly higher peak current than individual Mn3O4
or MWCNT electrodes. However, there was no noticeable change in ∆Ep between all three
electrodes. Then Ejigu et al.112 used Mn3O4/N-rGO composite over GCE to enhance the kinetics
of VO2+/VO2+ reaction. CV results showed that the composite electrode synergetic effect was high
giving a peak current four times that of Mn3O4 electrode and two times that of N-rGO. The
electrode also showed lower peak separation and EIS results proved that the electrode had very
low charge transfer resistance opening new possibilities into the use of this electrode composite.
Further investigation on Mn3O4 was done by Di Blasi et al.113 by using electrospinning to
prepare flexible CNFs electrodes that incorporate Mn3O4 nanoparticles. The resulting composite
electrode had a mesoporous structure with a larger surface area than the bare CNFs electrode due
to the existence of well-distributed manganese oxide nanoparticles. CV results showed that the
Mn3O4/CNFs electrode gave higher current densities and lower peak separation (190-120 mV) for
the VO2+/VO2+ reaction. Additionally, the composite electrode gave a higher peak current and less
peak separation for the V2+/V3+ reaction, however, the cathodic V3+/V2+ peak was not very clear
due to HER. EIS results for the composite electrode gave low charge transfer resistance confirming
the CV results. The composite electrode also showed good stability and high efficiency in all
single-cell experiments.
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Another research by Ji et al.114 used a modified GF electrode to improve the performance of
the VO2+/VO2+ reaction. The electrode was modified by Mn3O4 nanoparticles and polydopamine
(PDA) using immersing followed by calcination at different conditions. CV results showed that
using PDA and Mn3O4 individually enhanced the electrode performance giving higher peak current
and lower peak separation. Modifying the GF electrode with Mn3O4/PDA gave the highest peak
current with the lowest peak separation (782 mV to 570 mV). The polymerization time of PDA (4
h) and the loading percentage of Mn3O4 (50 ppm) were optimum for the best results. The composite
electrode had the lowest charge transfer resistance and the best activity in single-cell performance
at 150 mA cm-2. In 2018 Ma et al.115 used MnO2 to modify GF electrodes using a hydrothermal
reaction. CV results for the VO2+/VO2+ reaction showed that the modified electrode prepared using
only distilled water gave a slightly higher peak current and had no major effect on peak separation.
Characterization results showed that using distilled water only in the hydrothermal reaction gave
agglomerates of MnO2 that limited the enhancing effect of the metal oxide catalyst. While the
modified electrode prepared using distilled water and HCl gave higher peak current and lower
peak separation compared to the bare GF electrode (481-327 mV) with good stability. SEM images
showed uniform distribution of MnO2 nanoparticles on the surface of GF meaning that the uniform
formation of MnO2 on the electrode surface is enhanced in acidic medium. EIS results indicated
that the electrode prepared using HCl had the lowest charge transfer resistance.
To study the effect of using different support and preparation method, Zeng et al.

116

used

Mn3O4 modified CC using the electrodeposition method. The modified electrode showed the same
catalytic activity of CC towards the VO2+/VO2+ reaction while showing enhanced activity towards
the V2+/V3+ reaction. CV results showed that the modified electrode gave the highest peak current
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and lowest ∆Ep (402-82.4 mV) for the V2+/V3+ reaction. The enhancement effect of Mn3O4
increased up to a certain limit with each loading increase (up to 0.31 mg cm-2), after which no
change in the peak currents or ∆Ep was noticed. The charge transfer resistance was the lowest for
the modified electrode while the stability was enhanced. The electrode showed high activity in
single-cell performance at a current density of 100 mA cm-2. Lastly, in 2019, Jiang et al.117 used
MnO2 nanosheets to modify the CP electrode which showed no visible peaks for vanadium redox
reactions. The modified electrode showed distinct peaks for V2+/V3+ reactions and a peak
separation around 400 mV with enhanced overall battery performance.
Cerium oxide was also suggested to enhance the kinetics of vanadium redox reactions in 2014
by Zhou et al.68 Immersing and calcination were used to prepare the modified electrode with
different mass ratios between CeO2 and GF. As expected, CV and EIS results showed that the
modified electrode had slightly better performance toward the VO2+/VO2+ reaction than pristine
GF with higher peak current and slightly lower ∆Ep, and lower charge transfer resistance with good
stability. The enhancement effect increased with the increase in CeO2 ratio increase and it was best
at CeO2 0.2% mass ratio and it started to decrease after that. The electrode gave good activity
performance in single-cell experiments at a current density of 200 mA cm-2. The limited
enhancement effect was attributed to the low conductivity of CeO2 and so in 2016 Jing et al.118
suggested the use of electrospun carbon nanofibers (ECNFs) as more conductive support for CeO2.
The composite electrode was prepared using electrospinning to make sure that CeO2 nanoparticles
are uniformly embedded with the electrode fibers to increase wettability along with conductivity.
CV results for ECNFs and CeO2/ECNFs electrodes showed that there was no major improvement
in electrode performance on the VO2+/VO2+ redox reactions while there was a slight improvement
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in performance on the V2+/V3+ reactions. However, ∆Ep was almost the same for both electrodes
on both vanadium redox reactions which indicated that CeO2 had no noticeable catalytic effect in
this case and that the improvement was due to the increase in the electrode’s active surface area.
In 2016, Zhou et al used zirconium-modified GF to enhance the vanadium redox reactions.119
The electrode showed improved catalytic activity towards both vanadium redox reactions
increasing the peak current and decreasing the peak separation (308-224 mV for VO2+/VO2+ and
291-223 mV for V2+/V3+) according to CV results. The EIS confirmed that the electrode had low
charge transfer resistance due to better electrochemical activity of the 0.3% ZrO2 loaded GF
electrode. Then He et al also used ZrO2 oxide nanoparticles embedded within CNFs to improve
the kinetics of the V2+/V3+ reaction.120 The results were similar to the results obtained by Jing et
al. for CeO2/ECNFs with an increase in peak current and no major change in ∆Ep with a small
decrease in charge transfer resistance. This suggests that using cerium and zirconium oxide
nanoparticles to modify CNFs only affected the wettability and increased the active surface area.
In 2019 Yu et al developed CexZr1-xO2 modified GF electrode using a simple hydrothermal method
to improve both vanadium redox reactions.121 CV results were very promising as the peak currents
increased and ∆Ep decreed for both reactions (439-229 mV for VO2+/VO2+ and 543-214 mV for
V2+/V3+), while EIS results showed that the electrode had very low resistance for both reactions.
The composite electrode with the composition Ce0.8Zr0.2O2/GF showed the best performance in
half cell and single-cell experiments with good stability and high wettability.
Titanium oxide is also one of the metal oxides that were expected to improve the kinetics of
vanadium redox reactions. In 2013 Tseng et al explored the ability to use TiO2/carbon black
composite deposited over GCE to improve the kinetics of the V2+/V3+ redox reaction.122 The results
Page | 32

Chapter 2: VRFBs Background & Literature Review
were promising in single-cell performance but the HER affected the efficiency of the electrode.
So, in 2017, Vazquez-Galvan et al used hydrogen-treated TiO2 nanorods grown on GF to try and
suppress the HER and enhance the V2+/V3+ reaction.123 CV results of GF, TiO2/GF, and H-TiO2/GF
showed modifying the GF electrode with TiO2 gave two distinct peaks for V2+/V3+ redox reactions
with increased peak current and largely decreased ∆Ep. Furthermore, H-TiO2/GF doubled the peak
current of TiO2/GF and decreased the peak separation more (273 mV for TiO2/GF to 225 mV for
H-TiO2/GF). This was explained by the increase in the active surface area, the wettability, and the
introduction of the oxygen vacancies by hydrogen treatment. EIS confirmed CV results showing
that the hydrogen treated electrode had lower charge transfer resistance. The electrode also showed
improved efficiency and electrolyte utilization at a high current density of 150 mA cm-2. In 2019
Vazquez-Galvan et al.124 tried to use TiO2/CF electrodes after modifying the electrode by
nitridation using NH3 to enhance the kinetics of V2+/V3+ redox reactions. CV results showed that
the nitride process and its temperature highly affected the electrode activity compared to the effect
of the TiO2 addition. TiO2/CF electrode nitrided at 900 oC had the highest peak current (four times
more than TiO2/CF electrode) and the lowest ∆Ep (220 mV). The enhancement is due to the high
number of N and O functional groups at the electrode surface and the high active surface area of
the modified electrodes. EIS results confirmed CV results as the TiO2/CF electrode nitrided at 900
o

C had the lowest resistance among all other electrodes with almost twenty folds less resistance

than the unmodified CF electrode.
A high number of studies were conducted in 2018 using different metal oxides and support
materials composites to enhance both vanadium redox reactions. TiNb2O7 (ΔEp = 580 mV for
VO2+/VO2+),125 NiO (ΔEp = 253 mV for VO2+/VO2+, ΔEp = 163 mV for V2+/V3+),126 Cr2O3 (ΔEp =
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280 mV for VO2+/VO2+),127 and Ta2O5 (ΔEp = 450 mV for VO2+/VO2+)128 were used to modify GF
electrodes and all of them gave better results compared to the GF. Additionally, SnO2 (ΔEp = 766
mV for VO2+/VO2+)129 and Nd2O3 (ΔEp ~300 mV for VO2+/VO2+, ΔEp ~360 mV for V2+/V3+)130
were used to modify CF electrodes and TiNb2O7/rGO composite electrode was tested as well (ΔEp
= 150 mV for VO2+/VO2+ and ΔEp = 245 mV for V2+/V3+)131.
In 2019 and 2020 there were fewer publications on metal oxide catalysts for VRFBs. NiCoO2
(ΔEp = 165 mV for VO2+/VO2+),132 annealed CeO2 nanowires (ΔEp = 510 mV for VO2+/VO2+),133
and NbO2/NbC/rGO (ΔEp = 350 mV for VO2+/VO2+, ΔEp ~ 320 mV for V2+/V3+)134 were used to
modify GF electrode and they showed enhancement in the battery performance.

2.4. Tungsten oxide modified electrodes for VRFBs
Tungsten oxides modified electrodes were used in different electrochemical applications67,135–
139

because of their desired properties such as high stability in acidic solutions, relatively low cost,

availability, environmentally friendly, and ease of preparation. Stochiometric WO3 and WO2 were
found to have low conductivity and limited active sites which limit their use in many
electrochemical applications and make their use in VRFBs ineffective economically140,141 even
though it has a positive effect on the activity. However, defective tungsten oxide is proven to
enhance the kinetics of V2+/V3+ and VO2+/VO2+ redox reactions and it is more stable and less
expensive than noble metals. This led to an increase in research that investigates the effect of
depositing different structures of tungsten oxide on carbon-based electrodes.
Many studies indicated that the V3+/V2+ reaction is reversible and fast while the VO2+/VO2+
reaction is slower and more complex as both charge transfer and diffusion affect the reaction.142
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This is why research is focused on improving the kinetics of VO2+/VO2+ reaction through different
battery modifications including the deposition of different metal and metal oxide composites on
the used electrodes.143,144 Tungsten oxide deposition will increase the active surface area and the
number of surface oxygen content which will provide more catalytic sites for vanadium ions to
react on. This is why the structure of the deposited tungsten oxide is important because it will
determine the active surface enhancement effect and the number of surface oxygen sites that will
be exposed. Defective tungsten oxide will provide highly active catalytic sites for ions adsorption
and a large number of oxygen vacancies that will enhance the electrical conductivity as the
movement of electrons would be much easier.
The first reported use of tungsten oxide modified carbon-based electrode in VRFBs was in
2012 by Yao et al. as a composite with super-activated carbon that will provide high surface area
and improved conductive properties.67 The composite electrode was expected to have high activity
towards negative and positive vanadium redox reactions. CV and EIS results proved that the
unmodified CP electrode has high resistance and almost no obvious peaks for both vanadium redox
reactions. The addition of super activated carbon increased the peak current and for both reactions
on CP with the appearance of distinctive peaks for vanadium oxidation and reduction due to the
increase in conductivity and surface area. Modifying the electrode with tungsten oxide and super
activated carbon composite showed the best catalytic activity towards V2+/V3+ and VO2+/VO2+
reactions. The peak current increased while the peak separation and electrode resistance decreased
in both redox reactions. This is because of the increased surface area, increased conductivity, and
increased oxygen surface functional groups. The electrode had the smallest ∆Ep at almost 106 mV
for VO2+/VO2+ and 110 for V2+/V3+ and the lowest charge transfer resistance in the positive and
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negative redox reactions. Moreover, the electrode showed high efficiency in single-cell
performance at 30, 40, 50, and 60 mA.cm-2 current densities.
Shen et al.140 used the GF electrode which is the most used electrode in redox flow batteries74
and modified it with tungsten trioxide to enhance the kinetics of the VO2+/VO2+ reaction. The
hydrothermal method was used to prepare the modified electrode using sodium tungstate,
hydrochloric acid, and oxalic acid. The GF was heat-treated for 30 hours at 400 oC before being
immersed in the precursor solution inside a Teflon-lined autoclave. The reaction was completed at
180 oC for 4 hours and then the electrode was allowed to dry at room temperate. SEM images
showed the formation of needle-like nanoparticles covering the electrode surface while XRD
patterns verified the formation of hexagonal tungsten trioxide.
CV measurements on the pristine and modified GF electrode showed that the modified
electrode had higher current densities proving that tungsten trioxide had a positive effect on the
VO2+/VO2+ reaction kinetics due to the surface area, number of surface oxygen atoms, and the
good coverage of the GF electrode surface. However, ∆Ep of the modified electrode was larger
than ∆Ep for the pristine GF which is most likely due to the stoichiometry of WO3. EIS result
showed that both electrodes had comparable ohmic and charge transfer resistance, however, fitting
results of the charge transfer resistance for both electrodes proved that the charge transfer was
faster on the modified electrode which agrees with the CV results.
To solve the stoichiometry problem and decrease the peak separation Bayeh et al. used
defective tungsten oxide W18O49 nanowires on graphite electrodes to enhance the performance of
VRFBs.145 The proposed oxide is one of tungsten oxides139 which is defects-rich and can be
prepared as a single phase.146 Additionally, it has the affinity to grow in the shape of nanorods and
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nanowires during synthesis which creates a large number of surface vacancies that can act as a
catalytic sited for VO2+/VO2+ redox reaction147 and better conductivity and performance.148
Tungsten chloride and ethanol were used as precursors to prepare the defective oxide using
the solvothermal method. The GF was immersed in the solution inside a Teflon-lined autoclave
and was left at 180 oC for 12 hours. Then the modified electrode was annealed under hydrogen and
Aragon atmosphere to help create more defects on the surface of the modified electrode. SEM
images for the prepared electrodes indicated that the loading percentage of the tungsten oxide
affected the electrode coverage as too low loading resulted in uneven coverage and high loading
resulted in agglomerates which hindered the charge transfer.149 XRD patterns results proved that
the formed oxide is rich in defective W18O49. TEM, EDX, and Raman spectroscopy were also used
to characterize the prepared oxide and all the results confirmed the formation of W18O49 oxide.
CV measurements were conducted on the pristine electrode, tungsten oxide modified
electrode, and annealed electrode to study the effect of electrode modification on the performance
of VRFBs. Results proved that the annealed oxygen defective tungsten oxide improved the reaction
kinetics of VO2+/VO2+ as expected with smaller ∆Ep (717 mV) compared to pristine GF (900 mV).
The annealing step was introduced to study the effect of creating extra oxygen vacancies on the
performance, and the annealed electrode gave the smallest ∆Ep with the highest current density
proving that the exitance of oxygen vacancies has a great effect on the reaction kinetics of
VO2+/VO2+. This was confirmed using EIS, which showed diffusion and charge transfer controlled
redox reaction.150 The annealed modified electrode had the lowest charge transfer resistance with
half the resistance value of the tungsten oxide modified electrode meaning that the vacancies
facilitated the charge transfer and enhanced the electrode activity in agreement with the CV results.
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Efficiency calculations on single-cell VRFB performance showed the superior electrochemical
activity of the annealed modified electrode which was the highest among all reported values for
other VRFBs electrodes.
Faraji et al.151 used the work of Shen et al.140 as a starting point to further improve the rate of
the VO2+/VO2+ redox reaction by incorporating MWCNTs with WO3 modified graphite electrode.
CNTs are suggested to enhance the electrode performance as they will increase the electrode
surface area, kinetics, and catalytic activity and they are relatively low-cost with high resistance
for acid degradation.152,153
The modified electrode was prepared by controlled electrochemical reduction of
functionalized MWCNTs over graphite plate followed by electrodeposition of tungsten oxide. The
conditions of the reduction and deposition processes were carefully adjusted to ensure the uniform
distribution of the functionalized MWCNTs and tungsten oxide. Other modified graphite
electrodes were prepared to study the effect of functionalized MWCNTs and tungsten oxide
individually. The prepared electrodes were characterized using SEM, EDX, and Fourier transform
infrared spectroscopy (FT-IR) and the results showed when each component was used individually,
functionalized MWCNTs uniformly covered the graphite plate surface and it also showed that
tungsten oxide formed a thin layer covering the graphite plate surface lowering the surface area.
While the modified electrode with functionalized MWCNTs and tungsten oxide showed a random
distribution of tungsten oxide and the nanotubes composite leading to higher surface area and more
pores with exposed catalytic sites for the vanadium ions.
Electrochemical measurements showed that depositing both functionalized MWCNTs and
tungsten oxide on the GF increased the peak current for the forward and backward reaction while
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decreasing ∆Ep which makes this electrode a very good choice to enhance the VRFB efficiency.
The results were promising as the electrode was capable of producing higher currents by increasing
the solution temperature while maintaining a small peak separation value. This is important
because the temperature of VRFB must be kept at a certain value for better performance154 and
that requires a special cooling system while these results show that the battery performance could
be enhanced if the temperature increased. The modified electrode showed high stability and a longlife cycle with the peak current increasing with increasing cycle number up to 50 cycles.
Chronoamperometry and EIS results confirmed that the modified functionalized MWCNTs and
tungsten oxide electrode has superior electrochemical activity over all other electrodes in this study
with high diffusion and very low charge transfer resistance. These results proved that increasing
the conductivity and surface area of the VRFB electrode is very effective in increasing the battery
performance towards the VO2+/VO2+ reaction.155
Hosseini et al. proposed the use of CF modified with nitrogen functional groups and tungsten
oxide to enhance the VO2+/VO2+ reaction.156 CF is less expensive than GF because it is prepared
at lower temperatures (GF > 2000 oC, CF ~1400 oC) and with simpler processing techniques. CF
has different properties than GF that can be enhanced at a relatively low cost which would make
it a more economic choice to be used in VRFBs.
Urea was used as a source to provide the nitrogen functional groups, while sodium tungstate
was used to deposit WO3 on the CF electrode using a simple hydrothermal method. Three different
electrodes were prepared to study the effect of modifying with nitrogen and tungsten oxide the
synergetic effect of both modifications. The electrode was characterized using SEM images that
showed very good and thick coverage of the felt with tungsten oxide while the urea-modified
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electrode showed no major changes in the morphology. However, nitrogen modification increased
the wettability of the electrode thus further enhancing the deposition of WO3 on the electrode
surface which doubled the thickness of the oxide layer. EDX results showed the modification
introduced a large number of nitrogen and oxygen functional groups to the surface of the electrode
which is expected to enhance the overall performance. XRD, FT-IR, and Raman were used to
verify the formation of tungsten oxide and the structural changes of the electrode surface and all
results proved that tungsten oxide and nitrogen groups were introduced to the electrode surface
changing its activity.
CV results proved that electrode modification using nitrogen and tungsten oxide enhanced the
electrochemical activity of the electrode with tungsten oxide increasing the oxygen content on the
surface and facilitating the kinetics of electron and oxygen transfer. Nitrogen showed a better
enhancing effect than tungsten oxide alone which is attributed to the existence of one free pair of
electrons and the better wettability effect.157,158 The synergetic effect of both modifications was
clear as the double-modified electrode had superior performance over individually modified
electrodes. The electrode showed low mass transfer resistance as EIS measurements indicated with
the same results about VO2+/VO2+ being diffusion and mass transfer-controlled reaction. The
modified electrode showed high efficiency as a positive electrode in single-cell performance.
Kabtamu et al.159 reported the use of Niobium doped tungsten oxide nanowire modified GF
and 3D annealed tungsten oxide nanowire and graphene sheet foam composite electrode160 to
enhance redox reactions of VRFBs. Niobium doping was expected to enhance the activity of
tungsten oxide-modified graphite electrodes and the experimental results proved that niobium
doping gave higher currents and smaller ∆Ep than the untreated or tungsten oxide-modified
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electrodes. Niobium doped tungsten oxide electrodes with 0.03 Nb/W molar ratio prepared using
the hydrothermal method showed superior electrocatalytic performance with the lowest resistance
for the VO2+/VO2+ redox reaction and in the single-cell performance. Kabtamu then proposed the
use of graphene sheet foam with annealed tungsten nanowires to better enhance the electrode
performance and avoid the disadvantages associated with GF. The electrode which is prepared
using in situ self-assembly, freeze-drying, and hydrothermal methods is expected to enhance both
vanadium redox reactions due to graphene’s unique properties such as very high surface area and
electrical conduction. As expected, the annealed 3D tungsten oxide and graphene sheet foam
composite electrode had the highest current for both vanadium redox reactions and the highest.
Additionally, the electrode had the smallest peak separation and the lowest resistance compared to
other electrodes prepared to study the effect of each modification. This is because the composite
electrode had better surface area, more surface functional groups, and higher conductivity.
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3.1. Materials
All the chemicals were used as received without any further purification. Sodium tungsten
oxide dihydrate (Na2WO4, 99%, Sigma-Aldrich) SMT, ammonium meta tungstate dihydrate
((NH4)2W12O27.2H2O, 99%, Sigma-Aldrich) AMT, tungsten hexachloride (WCl6, sigma), bismuth
acetate (Bi(CH3COO)3, sigma), citric acid dihydrate (99%, Sigma), Ethylenediaminetetraacetic
acid tetrasodium salt (EDTA, sigma), oxalic acid (99.9%, alfa), vanadium (IV) sulfate oxide
hydrate (VOSO4, 99.9%, Alfa-Aeser), polyvinylidene fluoride (PVDF, Sigma-Aldrich), styrene
(99%, Sigma-Aldrich), Polyvinylpyrrolidone (PVP, MW 40,000, Fluka), sodium dodecyl sulfate
(SDS, Sigma-Aldrich), and potassium persulfate (KPS, Alfa). Sulfuric acid (H2SO4), hydrochloric
acid (HCl), dimethylformamide (DMF, Sigma-Aldrich), absolute ethanol, and acetone (99%).
Carbon cloth (CC) was purchased from the Fuel Cell Store.

3.2. Characterization techniques
3.2.1. X-ray powder diffraction
X-ray powder diffraction method was used to characterize the prepared materials to verify the
formation of metal oxides and any other phase transformations that the oxides undergo. Using xray patterns, the crystallite size and the strain of metal oxides can be calculated.161,162
X-ray is a non-destructive characterization method that can be used primarily with samples
that have a crystalline structure. Samples are put on a special zero background sample holder and
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then they are subjected to a beam of x-ray radiation. The radiation is generated from different target
materials that exist inside a cathode ray tube by electrons that hit the target and eject inner shell
electrons and then electrons from the outer shell fill the newly formed vacancies emitting
characteristic x-rays. The x-rays are then directed towards the sample where it interacts with the
sample atoms that are arranged in the crystal structure. The sample holder rotates with the sample
so that the beam hits the sample from all sides at a specific angle. Some of the x-rays collide with
the sample atoms and are reflected in the same angle as the incident beam and are collected by the
x-ray detector that transforms the x-ray into a signal that the attached computer draws as a count
versus angle characteristic x-ray pattern.
Bragg’s law (2d sinθ = nλ) is then used to calculate the d-spacing of the crystal structure as
the angle and the incident wavelength are known. λ is the wavelength of the target x-ray and the
most commonly used x-ray target material is Cu with radiation of 1.5418 Ao, while n is an integer
for the order of the reflection and is usually considered to be 1.
The crystalline size (D) can be calculated using x-ray patterns results using Debye Scherrer
equation:
D=

Kλ

β cosθ

(3.1)

Where K is the shape factor (typical value of 0.9), λ is the x-ray wavelength (1.54 Å), Ɵ is Bragg
angle which is the angle between the primary x-ray beam and the lattice planes, and β which is the
full width at half maximum peak (FWHM) the x-ray pattern. This equation gives an estimate of
the crystalline size in materials that have less than 0.1 or 0.2 µm crystallites and it does give the
size of agglomerated particles. In this work, Panalytical X-ray diffractometer (model 3600) device
was used.
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Figure 3.1. Illustration of the X-ray device working principle.

3.2.2. Field-emission scanning electron microscopy & Energy Dispersive X-ray
The surface topography and composition of a martial are important to determine its properties
and its ability to be used in a specific application and verify the formation of specific structures.
Microscopes were invented to be able to study the surface topography of materials and with the
advancement in science the microscope needed to evolve as well. Optical microscopes resolution
allows them to be used to get images for materials down to 350 nm. To get images for materials
with smaller sizes Scanning Electron Microscopy162 SEM was invented with some types having a
resolution that allows them to get clear images down to 0.5 nm. Improvements on SEM led to the
use of field-emission scanning electron microscope163,164 FE-SEM which uses a different electron
generation system allowing for more resolution and the use of very low potentials.
FE-SEM uses an electron beam insisted of a light beam to give high-resolution images, the
electron beam is generated from a field emission gun that provides extremely focused high and
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low energy electron beams and then the electrons are accelerated towards the sample. When
electrons hit the sample, it undergoes different collisions that produce different types of electrons,
phonons, and photons. The tip of the FE-SEM is moved slowly over the surface of the sample at a
small specific distance and therefore each electron on the sample gets hit by an electron that
backscatter or produce secondary electrons that are collected by special detectors that record the
signal and send it to the attached processing unit. This enables FE-SEM to produce high-quality
images by drawing the surface of the sample electron by electron.
Samples have to be in solid form, and they have to be conductive to be suitable for FE-SEM
imagining. Conductivity provides better electron movement and enhances the secondary electron
signal at the surface which allows for clear imaging and inhibits charging at the sample surface
which causes the images to be distorted. Samples which are semiconductors or insulators are
covered with a thin layer of a conductive material (mainly gold) through sputtering to make them
suitable for FE-SEM imagining. The sputtering conditions need to be precise as much as possible
because too much sputtering time would damage the sample and too low sputtering time will not
inhibit the charging at the surface and the images will be distorted.
When the incident electrons eject electrons from the inner shell and the outer shell electrons
fill their place characteristic x-rays are produced that are specific for each element because of the
difference in electronic configuration. Additionally, when the incident electrons interact with the
nucleus directly this produces continuous x-rays with intensities that depend on the atomic number
of the nucleus. these two x-rays are collected by a special detector that transports the results to the
attached computer that displays the sample elemental composition and the quantity of each
element. In this work, Carl Zeiss, SUPRA 55 Field Emission Scanning Electron Microscopes
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(FESEM) equipped with an EDX analysis unit (Zeiss Inc.) was used. The metal oxide catalyst
samples and the CC electrodes were scanned as prepared without any processing or gold
sputtering. The PS spheres were prepared before imaging where 1 mL of the polymer solution was
put on a glass slide and left to dry at room temperature and then the dried PS over the slide was
coated with a layer of gold using “Hummer 8.0 Sputter System” at a current of 15 mA for two
minutes.

Figure 3.2. FE-SEM instrument illustration with all major components.

3.2.3. Fourier-transform infrared spectroscopy
Fourier-transform infrared spectroscopy(FTIR) gives information about the physical
properties of materials by demonstrating the type of bonds between atoms.165 Most functional
characteristic bonds were found to vibrate by the wavelength of mid-range infrared light. FTIR
can be used to analyze solid, liquid, and gas samples by subjecting the sample to many IR
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frequencies at the same time using a Michelson interferometer, unlike normal IR where the sample
is subjected to IR frequencies one by one. This is the main difference between IR and FTIR and
this reduces the noise background in the sample spectra and gives high-resolution results. It also
reduces the sample analysis time while giving more accurate wavenumber results. Fouriertransform is described by equation 3.1:
∞

ʄ (𝑣𝑣) = ∫−∞ ʄ (t)𝑒𝑒 −𝑖𝑖2𝜋𝜋𝜋𝜋𝜋𝜋 𝑑𝑑𝑑𝑑

(3.2)

When the incident IR light interacts with the sample molecules it induces different types of
vibrations depending on the amount of light absorbed due to the change of dipole during vibration
which is characteristic for the type of bond. The IR light is recorded before and after it interacts
with the sample and the device proccing unit plots the transmittance against the wavenumber. This
helps to determine the type of bonds in the sample that can be used to study the changes to the
material structure or the surface of the electrodes. In this work, a Perkin Elmer spectrometer using
KBr FTIR grade was used for the IR measurements using pellets prepared at 1:100 w/w sample to
KBr ratio.

Figure 3.3. FT-IR basic design and principle of operation.
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3.2.4. X-ray Photoelectron Spectroscopy
X-ray photoelectron spectroscopy (XPS)166 is an analysis method that relies on the
photoelectric effect and it is used to analyze the surface of different types of materials where all
the interaction with other materials occurs. XPS gives information about the chemical composition
of the targeted sample area and allows for the detection of different oxidation states of the different
elements at the sample surface. In XPS the sample surface is hit with soft x-rays (usually from a
heated tungsten or lanthanum hexaboride source) that has an energy less than 6 keV, and when the
energy from the incident x-rays equals the binding energy of the electrons at the core level energy
transformation occurs from the indicant radiation to the core electron causing it to be ejected. The
ejected electrons are captured by special detectors and their kinetic energy is analyzed to identify
which element it corresponds to and then reported according to the element type and the core level
it ejected from such as W4f or O1s and plotted using detected electrons to binding energy values.
Because the binding energy of the electron is not related to the type of x-ray source it can be used
effectively to identify elements as a sensitive surface analysis method in addition to differentiating
between different elemental oxidation states. This method could be used to detect any element
except hydrogen and helium and Figure 3.4 shows the basic design of the XPS instrument. The
device starts analyzing the sample surface at a depth of (1 to 10 nm) at ultra-high vacuum to
minimize disturbing the ejected electrons path by any molecules in the air and also because the
sensitivity of the method to the surface composition requires the removal of any possible
contaminant. The analysis starts with a wide scan of the sample surface that detects the type of
elements in it and identifies its chemical composition and then another narrow scan is done on
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each found element to generate information about the oxidation states of this element. In this work
(XPS, ESCALAB 250Xi, ThermoScientific device was used to analyze the samples.

Figure 3.4. Main components of XPS analysis device.

3.2.5. Dynamic light scattering
Dynamic light scattering162,167 is used to calculate the particle size in the nano range depending
on their Brownian motion giving that the particles are totally dispersed in the solution and not
precipitating. The Brownian movement of particles in the solution causes it to collide with the
solvent molecules which keeps the particles moving randomly at different speeds. Small particles
will move faster than large particles. DLS device takes into account all the parameters that would
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affect the movement of particles in the solution like temperature, type of dispersing medium,
viscosity, density, among others. After that, a laser light is directed towards the liquid sample where
it scatters around the dispersed particles and is collected and transformed into the computer where
it is plotted as intensity versus diameter. Figure 3.5 shows the setup and basic components of a
DLS device. The device calculates the hydrodynamic diameter of the particles depending on their
speed using the Stokes-Einstein equation: D = kB T / 6 π η RH where D is representative of the
speed of particles, kB Boltzmann constant, T Temperature, η Viscosity, and RH is the Hydrodynamic
radius. DLS can only work in a specific size range because too large particles would precipitate
(upper limit is around 8 microns depending on many factors) and too small particles will not scatter
light properly and that will give inaccurate results (lower limit is around 0.6 nm measured for
sucrose molecule).
In this work, a Zetasizer Nano ZS90 (Malvern Panalytical) device was used to do all DLS
measurements. To do so, 1 mL of the polymer solution was taken and diluted with distilled water
until a transparent solution was obtained and it was sonicated for 5 minutes then it was put inside
a plastic disposable cuvette and analyzed to get the average size and size distribution using three
measurements with 40 runs each.

Figure 3.5. Dynamic light scattering instrument setup.
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3.2.6. Cyclic voltammetry
Cyclic voltammetry(CV) is an electrochemical characterization technique that studies the
redox reactions at the electrode surface/solution interface.168 During CV the current that is
produced by electron transfer between the electrode and ions is measured while the potential is
changed between two values at a specific scan rate. CV is usually done using a three-electrode cell
to study each half-reaction of the redox reaction individually and to be able to carefully change the
potential with control while current is passed throw the electrodes. The cell is composed of a
reference electrode that has a constant known potential, a counter electrode that has a large surface
area (higher than the working electrode), and a working electrode that is being studied.
During CV the potential is changed periodically between two values for a set number of times.
When going from high potential values towards low potential values oxidation occurs as electrons
are transferred from the ions to the electrode. This process will consume the lower oxidation
number ions and produce high oxidation number ions at the diffusion layer near the electrode
surface at a specific rate increasing the produced current as the potential is increased. When the
current reaches a maximum value of anodic peak current (Ipa) at anodic peak potential (Epa) as
(Figure 3.6) the rate of diffusion of ions to the electrode surface starts to decrease as diffusion
layer thickness increases making it harder for ions to reach the electrode surface and therefore
decreasing the current. When the potential is further increased the current decrease until it reaches
the final value. Then the potential scan is reversed and the process is repeated in the other direction
where electrons transform from the electrode surface to the ions. This will consume the higher
oxidation number ions and produce lower oxidation number ions reaching the cathodic peak
current (Ipc) at cathodic peak potential (Epc) and then the current decreases as the potential
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decreases until it reaches the final value giving a duck shape curve. The potential, the number of
transferred electrons, and the ions concentration are related by the Nernst equation (equation 3.3):
𝑂𝑂𝑥𝑥 + 𝑛𝑛 𝑒𝑒 − ↔
𝐸𝐸 = 𝐸𝐸 𝑜𝑜 +

2.303𝑅𝑅𝑅𝑅
𝑛𝑛𝑛𝑛

𝑅𝑅𝑒𝑒𝑒𝑒

(3.3)
𝑂𝑂

𝑙𝑙𝑙𝑙𝑙𝑙 �𝑅𝑅 𝑥𝑥 �
𝑒𝑒𝑒𝑒

(3.4)

The ratio between (Ipa / Ipc) indicates the reversibility of the reaction with 1 being the optimum
value. The reaction reversibility is controlled by the reaction kinetics and it is directly related to
the electron transfer rate constant Ks and the scan rate value where the reversibility of the redox
reaction could be increased by lowering the scan rates. The peak separation between Epa and Epc is
indicative of a fast electron-transfer kinetics with a value of 59/n mV according to the Nernst
equation where n is the number of transferred electrons (for a reversible one electrode transfer
reaction ΔE = 59 mV at all scan rates). When the peak separation increases with the increase in
the scan rate it means that the reaction is quasi-reversible meaning that the concentration of
generated ions is not as expected by the Nernst equation and the reaction kinetics are slow. A
Biologic SP-300 was used for the CV measurements in this thesis.

Figure 3.6. Ideal cyclic voltammogram with ipc and ipa indicating the cathodic and anodic current
for a reversible reaction.
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3.2.7. Electrochemical Impedance Spectroscopy
Electrochemical impedance spectroscopy (EIS) studies the complex electrical current
resistance in the redox electrochemical reaction which happens at different interfaces.169 EIS
measurements are done by applying an alternating current potential to the electrode and measuring
the resulting current Figure 3.7. The applied potential is varied at a small amplitude around ±10
mV to get a response from the resulting varied current at a wide frequency range. The potential is
given by the following equation were |𝐸𝐸| is the potential amplitude and ω is the angular frequency
(equation 3.4).

𝐸𝐸 (𝑡𝑡) = |𝐸𝐸| sin(𝜔𝜔𝜔𝜔)

(3.5)

this will give a current with a specific amplitude and a phase shift expressed as (equation 3.5):
(3.6)

𝐼𝐼 (𝑡𝑡) = |𝐼𝐼| sin(𝜔𝜔𝜔𝜔 + 𝜃𝜃)

from both equations the impedance can be simply expressed as (equation 3.6):
𝑍𝑍 =

𝐸𝐸(𝑡𝑡)
𝐼𝐼(𝑡𝑡)

=

|𝐸𝐸| sin(𝜔𝜔𝜔𝜔)
|𝐼𝐼| sin(𝜔𝜔𝜔𝜔+𝜃𝜃)

= |𝑍𝑍|

sin(𝜔𝜔𝜔𝜔)

sin(𝜔𝜔𝜔𝜔+𝜃𝜃)

(3.7)

However, the Euler formula gives a more complex representation of the impedance using ϴ which
is a real number, and j which is an imaginary unit (equation 3.7):
|𝐸𝐸|𝑒𝑒 𝑗𝑗𝑗𝑗𝑗𝑗

𝑍𝑍 = |𝐼𝐼|𝑒𝑒 𝑗𝑗𝑗𝑗𝑗𝑗+𝜃𝜃

(3.8)

using this equation, the impedance is divided into real and imaginary parts with 𝑍𝑍 ′ as the resistive
part of impedance and 𝑍𝑍 ′ ′ as the reactive part (equation 3.8):
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𝑍𝑍 = 𝑍𝑍 ′ + 𝑗𝑗𝑗𝑗 ′′

(3.9)

these two parts are plotted against each other with -𝑍𝑍 ′ ′ as the Y-axis and 𝑍𝑍 ′ as the X-axis gives

the Nyquist plot which can be used to get information about the resistance that exists in the
electrochemical cell and determine the electrode efficiency. The Nyquist plot is useful to quickly
identify information about the process that controls the electrode activity such as diffusion and
mass transport. A Biologic SP-300 device was used for EIS analysis of the samples.

Figure 3.7. Typical EIS spectra showing the different paraments affecting the resistance.
Circuit fitting is used on the EIS results for all the samples to calculate the resistance values
and get more insightful information on the electrode performance towards the reaction. The fitting
is usually done using a simple Randle circuit usually shown in Figure 3.8 where R1 represents the
ohmic resistance, R2 represents the charge transfer resistance, Q2 represents the constant phase
element (or it is substituted with C for capacitance), and W represents the Warburg impedance
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element that expresses the diffusion-controlled process for the semi-infinite linear diffusion (the
linear part in Figure 3.7).

Figure 3.8. Simple Randle circuit.
However, the EIS performance results are not always easily expressed by this simple circuit
and more complex circuit designs need to be used. This happens because sometimes the EIS curve
show two semi-circuits insisted of one (e.g. when transition metal oxides are used),170 or shows a
nonlinear and non-uniform diffusion behavior or the reaction type is not correctly explained by
one of the used circuit components. So, different types of circuits need to be investigated to reach
the best fit that explains the EIS data and accounts for the different variables in each research.
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4.1. Introduction
The Hydrothermal (HT) method is usually defined as a heterogeneous reaction in an aqueous
medium that takes place in a closed system at above room temperatures and above 1 atm pressure.
In the HT reaction water is usually the solvent and this is the main difference between
hydrothermal and solvothermal methods where organic solvents are used rather than water (to
lower the reaction temperature as it should be higher than the boiling point of the solvent). HT
method gained attention in the past few years due to increase interest in environmentally friendly
preparation methods that are relatively cheap and needs low working conditions. HT reactions can
be conducted at temperatures reactions ranging from > 50 oC to < 300 oC and at atmospheric
pressure of above 1 atm depending on the desired material and structure. In most cases, HT is a
one-pot synthesis method that is more convenient, more time-efficient, allows for uniform
dispersion of molecules in the solution, and makes it less expensive compared to other preparation
methods.171 The reaction takes place inside a sealed Teflon-lined autoclave where the high pressure
and temperature dissolve the materials in the reaction medium and recrystallizes it giving high
purity products as high purity precursors are used. At the same time during the crystallization
process, the formed crystals will expel any impurities from their structure, and usually, they can
be removed with the remaining supernatant. However, due to the high temperature and pressure
and the collisions inside the reaction medium, some of these impurities will adsorb on the product
surface and will require further treatment to reach the desired purity. This led to the development
of a two-step HT method where the material is separated from the supernatant and washed with
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water or any other solution that can remove the adsorb impurities from the surface and afterward
the HT reaction resumes inside the autoclave.172 During the HT reaction nucleation happens and
then particle growth up to a certain limit depending on the processing conditions and the starting
materials. The HT method is capable of producing a multitude of structures including
nanoparticles,173,174 nanowires,175,176 nanotubes,177,178 nanostars,179 nanocubes,180 etc. which makes
it a versatile desired technique for research and industry.

4.2. Experimental work
4.2.1. Synthesis of tungsten oxide nanoflakes
Tungsten oxide was prepared using HT synthesis using several starting materials with
different concentrations according to the following procedure illustrated in Figure 4.1. Specific
mass of ammonium meta tungstate (AMT) or sodium tungstate (SMT) were dissolved in a specific
amount of distilled water DW under magnetic stirring until the solid dissolved. The salt dissolved
easily and the solution became transparent after a few minutes. The pH of the solution was adjusted
to 5 or 2 by the addition of HCl solution (2M) drop by drop with continuous stirring for 10 minutes.
Then the solution volume was adjusted using distilled water to reach the desired concentrations
(0.1, 0.2, and 0.5 M), and then it was transferred to a 100 mL Teflon-lined stainless autoclave.
After that, one as received piece of carbon cloth UCC (4 x 4 cm) and one heat-treated piece TCC
(4 x 4 cm) were immersed in the solution and the autoclave was sealed and heated at 180 oC in an
oven for 20 hours unless stated below. The autoclave was then allowed to cool to room temperature
and the UCC and TCC were removed and the remaining powder was filtered and the carbon cloth
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and the powder were washed with distilled water and ethanol several times. The CC and the
powder were dried in an oven at 60 oC for 12 hours.
One sample was prepared using EtOH/Water as a solvent to allow for better electrode
wettability that is expected to result in more uniform coverage of the CC surface with tungsten
oxide using the binder-free method.
Other samples were prepared using the same procedure but with a final solution pH of two
instead of five and with heat treatment at 180 oC for 3 hours instead of 20. The change in the pH
gave a transparent yellow solution which turned turbid yellow in a few minutes while all other
synthesis steps were as stated above.

4.2.2. Synthesis of tungsten oxide nanospheres
To prepare the tungsten oxide nanospheres (WNSph) 3.06 mmol (1.01 g) of sodium tungstate
was dissolved in 6.25 mL of distilled water by magnetic stirring. A yellow precursor solution was
formed by slowly adding 8 mL HCl (2M) solution to the obtained transparent solution. Then a
solution of oxalic acid H2C2O4 3.06 mmol (0.387 g)) and (12.5 mL) DW was added to the precursor
solution. Subsequently, the mixture solution was poured into a hydrothermal synthesis reactor and
kept at 90 oC for 3 hours. The obtained yellow precipitate was rinsed using DW and ethanol five
times, then dried in an oven at 60 oC for 12 hours. Eventually, the self-assembled hierarchical WO3
nanospheres (WNSph) were achieved by calcining the products at 500 oC for 1 hour in the air.
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4.2.3. Synthesis of tungsten oxide nanowires
First 0.001 g of Polyvinylpyrrolidone (PVP) (MW = 40,000) was dissolved in 50 mL of EtOH
by magnetic stirring. Then 0.3 g of WCl6 was added to the solution with magnetic stirring and the
volume was completed to 400 mL with EtOH. A transparent yellow precursor solution was formed
and then 70 mL of the solution was poured into a 100 mL hydrothermal synthesis reactor and kept
at 180 oC for 24 hours. Then the product was centrifuged and washed with absolute EtOH and DW
to remove the surfactant. The obtained WOx nanowires WNWs were left to dry at room
temperature for 24 hours.

Figure 4.1. The synthesis of metal oxide catalysts, using the hydrothermal synthesis process.
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4.2.4. Electrode preparation
The CC used to prepare the electrodes was used as received UCC and a sample of it was heattreated in a tube furnace under an air atmosphere for 10 hours at 450 oC with a 2 oC per minute
heating rate and was labeled as TCC to evaluate the effect of heat treatment on the electrode
performance. The metal oxide modified electrodes were prepared either binder-free or using a
binder. The binder-free electrodes were prepared simply by putting pieces of the CC in the HT
reactor as mentioned above and allowing the formed metal oxide to be deposited directly on the
CC and then the electrodes were cut into identical circles (d=12 mm) using a designed cutting tool.
The metal oxide loading was calculated by subtracting the masses of the loaded CC circler
electrodes and an unloaded CC electrode. The electrodes were labeled by the metal oxide followed
by UCC or TCC.
For the electrodes prepared with the binder two methods were used to try and have a
homogenous distribution of the catalyst over the electrode surface area. In the first method, specific
masses of the metal oxides fine powder with 10 wt% PVDF were dispersed in 1 mL DMF by
sonication for 30 minutes. Then the suspension was put in a 5 mL beaker with an electrode and the
beaker was put in a drying oven at 60 oC overnight until the DMF evaporated and the electrode
dried. In the second method, specific masses of the metal oxides fine powders with 10 wt% PVDF
were dispersed in 1 mL DMF by sonication for 30 minutes. CC circular electrodes were weighted
and put in a large petri dish and heated on a hot plate at 100 oC. Then the suspension was deposited
on the circular electrodes using an airbrush followed by drying in an oven at 60 oC for four hours.
The loading was calculated by subtracting the mass of the CC before and after the airbrush
spraying.
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4.2.5. Electrochemical Characterization
All the electrochemical measurements (CV and EIS) were done using a Biologic SP-300
workstation to investigate the performance of the modified electrode in enhancing the kinetics of
the V2+/V3+ redox reactions. Measurements were conducted using a three-electrode system (Figure
4.2) with saturated calomel electrode SCE (+0.242 V vs. standard hydrogen electrode SHE), a
titanium mesh counter electrode, and the prepared CC electrodes as the working electrode. The
used electrolyte consisted of 0.1M VOSO4 in a mixed acid solution of 1M H2SO4 and 1M HCl.
The electrochemical measurements were conducted using the following sequence, IR
compensation to exclude the solution and connections resistance, a CV scan rate sequence of 2, 5,
10, 20 mV/s for the V2+/V3+ reaction with a scan range of -0.3 to -0.7 V, and finally EIS at -0.54 V
vs. SCE. The CV stability testes of the electrodes were conducted at a 5 mV/s scan rate with a
minimum of 100 cycles and a maximum of 300 cycles.

Figure 4.2. The setup used for the electrochemical performance measurements.
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4.3. Results and Discussion
4.3.1. Physical characterization of WOx/CC modified electrodes
The prepared tungsten oxides and the modified electrodes were characterized using FE-SEM
to investigate the morphology of the metal oxides and to show the distribution of the metal oxides
over the CC electrodes.
SEM images for the UCC and the TCC Figure 4.3 were almost similar as the thermal
treatment showed very little visible change in the form of slightly increased roughness on the CC
surface as expected as the chosen temperature (450 oC) and time (10 h) would not have a strong
effect on the morphology of the electrode surface181,182. Increasing the treatment time up to 30 h
in one experiment lowered the electrode electrochemical activity which is explained by the
increase in graphitization which decreased the oxygen content lowering on the electrode surface.
No higher treatment temperatures were tested as increasing the treatment temperature up to 600
o

C is reported to show no wettability improvement and to cause the formation of big holes in the

electrode material.183
All SEM images of the WNFsx binder-free loaded UCC and TCC electrodes prepared at pH
5 showed that when water was used as the only solvent the metal oxides wrapped specific parts of
the CC with thick layers of the catalyst while covering the rest of the CC with small distributed
particles all over the electrode surface which is consistent with results reported in literature115. In
the case of the TCC, this could be because the thermal treatment did not have a uniform effect on
the CC surface and so some sites acted as nucleation sites where the metal oxides attached to the
TCC surface and continued to grow with the increase in time.
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Figure 4.3. SEM images of (a) UCC, (b) 10 TCC
In the case of the UCC the same behavior was noticed but at a lower extent where the metal
oxides wrapped around specific parts of the CC while covering the rest of the CC with small
distributed particles all over the electrode surface which is noticed in literature110,129,130,184,185. The
images in Figure 4.4, Figure 4.5, and Figure 4.6 for WNFsx prepared with different metal
concentrations show that increasing the precursor concentration led to more coverage over the CC
strands as more precursor solution was present in the HT reactor. The coverage was not uniform
but it increased the roughness of the CC surface and provided many catalytic sites for V2+/V3+
redox reactions to happen. The tungsten oxide prepared at different times showed similar results
with no noticeable difference in the SEM images. When ethanol was used as solvent during the
HT process the UCC had much higher wettability allowing the metal oxide to form a much more
uniform layer of the catalyst around the CC strands covering all the surface of the UCC as shown
in Figure 4.7.
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Figure 4.4. SEM images of WNFs/UCC prepared with 0.1 M metal precursor concentration.

Figure 4.5. SEM images of WNFs/UCC prepared with 0.2 M metal precursor concentration.
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Figure 4.6. SEM images of WNFs/UCC prepared with 0.5 M metal precursor concentration

Figure 4.7. SEM images of WNFs/UCC prepared with 0.1 M metal precursor concentration using
EtOH as the solvent.
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SEM images for the WNSph (Figure 4.8) and WNWs (Figure 4.9) confirm the formation
of the two structures with a bundle-like agglomeration of the WNWs and nanosheets spherical
arrangement of WNSph. The nanospheres had a nonuniform size distribution which is most likely
due to the preparation parameters which need to be adjected and studied by further research to
obtain spheres with narrower size distribution. Figure 4.8 shows that the spheres have rough
surfaces resulting from the nanosheets layers arrangement which will provide more catalytic sites
for the vanadium redox reactions.

Figure 4.8. SEM images of WNSph prepared with 3 h HT reaction time at 180 oC.
Figure 4.9.b shows a UCC electrode modified with WNWs using an airbrush after being
used in CV and EIS and it is clear from the images that the WNWs are still attached to the CC
electrode surface after the electrochemical measurements and with a good distribution which
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confirms the effectiveness of the airbrush deposition of the metal oxide/PVDF/DMF suspension
and the electrode drying method that was used to prepare the electrodes.
The elemental composition of the prepared metal oxide catalysts and the distribution of the
elements in the powder and on the CC electrode in one sample were investigated using (EDX).
The EDX results for the tungsten oxide were as expected showing different atomic ratios of
tungsten and oxygen with an expected error ratio of ±5 and with minimal impurities and EDX
mapping showed a uniform distribution of W and O in the powder.

Figure 4.9. SEM images of (a) WNWs prepared at pH=2 with 3 h HT reaction time at 180 oC, (b)
WNW/PVDF-UCC after CV and EIS.
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XRD analysis was used to investigate the structure of the prepared tungsten metal oxides. The
XRD patterns were compared to the ICDD cards of tungsten oxides. XRD patterns for tungsten
oxide nanoflakes WNFs prepared by the HT method at pH= 5 were almost all identical. XRD
patterns for all samples showed the same results as illustrated in Figure 4.10.a with peaks at 14.08o
(020), 18.19o (111), 23.12o (002), 24.22o (200), 27.14o (022), 28.18o (220), 33.63o (202), 36.83o
(222), 49.44o (400), 50.16o (260), 53.87o (204), 55.93o (244) which are consistent mainly with
(orthorhombic) hydrated tungsten oxide WO3.0.33H2O characteristic peaks that is reported several
times in the literature (JCPDS card No. 87-1203). The intensity of the peaks changed a little bit
between samples and with the reference card for the hydrated tungsten oxide and this could be a
result of diffident preparation factors such as minor changes in the composition, the difference in
the powder roughness. The change in the intensity could also be explained by the use and
concentration of HCl where it was observed elsewhere186 that using HCl affects the intensity of
the peaks of orthorhombic hydrated tungsten oxide.
The intensity of the peak at 28.18o (220) is the highest and it was used to calculate the mean
crystallite size (D) (34.51 nm) which is usually defined as the size of a single crystal within a
polycrystalline solid (powder) using the Debye-Scherrer equation. The crystallite size increases
when the peak intensity increases due to an increase in treatment temperatures, time, and other
factors. These results are supported by the white-yellowish color of the final powder which is an
indicator of the formation of hydrated tungsten oxide WO3(H2O)0.333. While the formation of a
bright yellow-colored powder indicates the formation of stoichiometric tungsten oxide WO3.
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Figure 4.10. XRD patterns for (a) WNFs pH= 5, (b) WNFs pH= 2, (c) WNWs, (d) WNSph.
For the tungsten oxide samples prepared at pH= 2 the XRD patterns were almost identical for
to the samples at pH= 5 as can be seen from Figure 4.10.b but at much lower peak intensities
which could be a result of the change in the preparation conditions and using more HCl to modify
the pH and also to the decrease in crystallinity due to the existence of a large number of oxygen
defects. The defective tungsten oxide XRD characteristic peaks are identical to the hydrated
tungsten oxide XRD characteristic peaks making it very hard to distinguish between them using
the XRD alone. However, the defective tungsten oxide has a characteristic light blue color of the
powder that was noticed for all the samples prepared at pH=2 which indicates the formation of
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defect-rich tungsten oxides which change color to blue-green or dark blue depending on the
oxygen defect extent in the prepared oxide. The crystallite size (D) for the defective tungsten oxide
was found to be (38.89 nm). It should be mentioned that the change in reaction temperature will
affect the crystallite size as samples will change phases after calcination at a specific temperature
range and the intensities of the peaks will also increase as a result of the increase in the oxide
crystallinity giving sharper peaks which will be translated in larger crystallite sizes.
XRD patterns for WNWs Figure 4.10.c confirms the formation of defect-rich oxide which is
accompanied by the blue color of the resultant powder as the WNWs solution had a pH around 2
as WCl6 was used as the starting material and using absolute ethanol which acts as a reducing
agent. The positions of the peaks were similar to the position of the peaks of WNFs at pH 5 and 2,
however, the intensities of the peaks is changed indicating a different growth orientation that needs
to be studied more extensively. The crystallite size (D) for the WNWs was found to be (29.51 nm).
The peaks are characteristic of hexagonal tungsten oxide nanowires (JCPDS card No. 85-2460).187
In the case of the WNSph, the XRD patterns Figure 4.10.d for the powder after calcination
indicates the formation of monoclinic tungsten oxide (JCPDS card No. 43-1035) that showed
peaks at 23.00o (002), 23.58o (020), 24.28o (200), 26.49o (120), 28.78o (112), 33.38o (-202), 34.11o
(202), 41.74o (222), 49.91o (140), 55.80o (420) which are characteristic peaks for WO3 nanospheres
that were previously reported188. The calcination process promotes the formation of single-phase
materials in most cases depending on the calcination temperature which can be clearly apparent in
the XRD patterns. The crystallite size (D) for the tungsten oxide nanospheres was calculated using
the 23.58o (020) peak and it was (23.55 nm).
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XPS analysis was used to investigate the oxidation states of the elements at the sample surface
for all samples and to verify the exitance of both stoichiometric and reduced forms of tungsten.
Figure 4.11 shows the O1s and W4f core-level spectrums of the WNFs prepared at pH= 5. The
W4f spectrum in Figure 4.11 showed two clear peaks (doublet) at 36.09 eV and 38.23 eV attributed
to the spin-orbit splitting of W 4f7/2 and W 4f5/2 respectively which are characteristic for the W6+
ion. Two other much smaller peaks at 34.85 eV and 36.83 eV are also present which are
characteristic for the W5+ ion meaning that the sample is mainly composed of tungsten atoms in
the 6+ oxidation state that exists in the hydrated tungsten oxide structure with a small percentage
of tungsten atoms in the 5+ oxidation state that exists in reduced tungsten oxide. The O1s spectrum
showed a high-intensity peak at 530.85 eV attributed to the oxygen atoms in the lattice OLat (W-O)
along with a smaller peak at 532.94 eV which is related to the existence of surface adsorbed oxygen
Oads on the vacant sites of the structure. For the WNFs samples prepared at pH= 2 in in Figure
4.12, it can be seen from the W4f spectrum Figure 4.12 that the same two peaks for W6+ exist at
36.02 eV and 38.17 eV but there is a very small shift which could be explained by a slightly weaker
bonding between W-O. This is confirmed by the increase in the intensity of the peaks assigned to
the W5+ oxidation state at 34.72 eV and 37.29 eV as the figure show which is in agreement with
the expectation and the XRD results and the color of the sample mentioned above. The O1s
spectrum was similar to the spectrum in Fig 4.11 with a high-intensity peak at 530.74 eV (OLat)
and a smaller peak at 532.41 eV (Oads). The results suggest that the samples prepared at pH= 2 will
have higher electrochemical activity than the samples prepared at pH= 5.
On the other hand, the results from the W4f spectrum for WNSph in Figure 4.13 show the
exitance of W6+ peak doublet at 35.65 eV and 37.78 eV and W5+ peak doublet at 34.44 eV and
36.82 eV in a similar percentage to the WNFs prepared at pH= 5 as the sample was calcinated at
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300 oC. Higher calcination temperatures >500 oC will oxidize all the W5+ atoms giving a
stochiometric WO3 which would be less active electrochemically due to its structure and the thick
oxide layer that decrease its conductivity greatly. The O1s spectrum of the WNSph had a sharper
OLat peak at 530.42 eV with lower Oads peak intensity at 532.03 eV. The results in Figure 4.14 for
the WNWs indicate that it has the best defect rich structure as the percentage of W5+ is much higher
than other samples as can be seen from the figure where the peak doublet for W5+ at 35.09 eV and
36.97 eV is high compared to the peak doublet for W6+ at 36.39 eV and 38.57 eV. The O 1s
spectrum shows the same two peaks at 531.28 eV and 533.06 eV for OLat and Oads respectively. All
XPS results for the WOx samples confirmed the formation of a more defective structure when
lower pH values were used in the HT process confirming the XRD results and the resultant powder
colors. The formation of a more oxygen defective catalyst at low pH is due to the hydrogen ions
that removes oxygen atoms from the catalyst surface at the preparation conditions which is more
visible in WNWs where the W5+ percentage is the highest making it the most oxygen defective
catalyst with a suggested formula of WO2.83 and makes it the catalyst with the possibility to have
the highest activity due to the existence of those defects in addition to the nanowire structure.

Figure 4.11. XPS narrow scan results for (a) W4f, (b) O1s for WNFs prepared at pH= 5.
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Figure 4.12. XPS narrow scan results for (a) W 4f, (b) O 1s for WNFs prepared at pH= 2.

Figure 4.13. XPS narrow scan results for (a) W 4f, (b) O 1s for WNSph.

Figure 4.14. XPS narrow scan results for (a) W 4f, (b) O 1s for WNWs.
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FT-IR results of the prepared tungsten oxides did not give much information about their
activity or structure as there are no functional groups to be identified in the prepared WOx catalysts.
Results in Figure 4.15 show the existence of three apparent peaks in all four samples which is in
accoruand with litrutre187,189 at around 3460 cm-1 for the O-H hydroxyl group stretching vibration
and around 1600 cm-1 for the H-O-H Physically adsorbed water molecules and at around 710 cm1

for the W-O stretching vibration and finally at 650 cm-1 for the O-W-O bridging stretching

vibration.

Figure 4.15. FT-IR analysis results for the prepared WOx catalysts.
Finally, contact angle measurements of the prepared electrodes were conducted to see the
effect of the modification on the electrode’s wettability. As expected, the UCC was hydrophobic
and did not show any wettability even after 20 minutes. The heat treatment increased the electrode
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wettability as the result showed that instant wettability was achieved and the water droplet was
absorbed totally by the TCC after 28 seconds which is a result of the increased number of
functional groups of the electrode surface such as -COOH. However, when a piece of TCC after
60 days of the heat treatment was tested, results showed that even though the electrode was wetted,
total absorption took almost 9 minutes to be achieved as can be seen from Figure 4.16. This
indicates that the heat treatment effect diminishes over time and the electrode gets back to being
semi-hydrophobic.

Figure 4.16. Water contact angle measurements of (a) UCC, (b) TCC 60 days after treatment, (c)
WNFs/UCC pH= 5, (d) WNFs/UCC pH= 2, (e) WNWs/UCC.
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WNFs/UCC prepared at pH= 5 showed instant wettability which is expected as the electrode’s
surface oxygen content was highly increased and oxygen defects were formed at the surface
enhancing the wettability but total absorption took 6 minutes to be achieved. The metal oxide also
increased the surface roughness which in turn enhances the wettability of the electrode compared
to the smooth CC surface. Lowering the oxide preparation pH to 2 made the WNFs/UCC show
instant wettability and total absorption after 30 seconds meaning that the increase in the catalyst
oxygen deficiency highly increased its wettability as expected. The WNSph gave similar results to
the WNFs prepared at pH= 5 with instant wettability but a delayed total absorption. Finally, the
WNWs/UCC electrode showed the best wettability performance with instant wettability and total
absorption in less than a second, which is consistent with the XPS results, showing that WNWs
had the highest oxygen defect content among all other prepared electrodes.

4.3.2. Electrochemical behavior analysis of UCC and TCC electrodes
All the electrodes in this thesis were used to test the kinetics of the V2+/V3+ redox reaction
using CV where several factors were investigated to evaluate the catalytic activity of the
electrodes. Those factors included the peak potential separation ∆Ep (Epc - Epa) between the
cathodic and anodic peaks, the peak current (I), and the peak current ratio (Ipa/Ipc). Additionally,
EIS was used to evaluate the electrode resistance and determine if the reaction on the electrodes is
charge transfer or diffusion-controlled or a mix of both. The best electrode should give a high peak
current and have a small peak separation (ideal peak separation for reversible redox reaction is 59
mV for a one-electron reaction and ~30 mV for a two-electron reaction). The peak current ratio
(Ipa/Ipc) should be close to 1 for the reaction to be reversible and when this is the case the reaction
will have fast kinetics and will be only diffusion controlled.
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To get more insight on the ion diffusion efficiency for both V2+ and V3+ ions for the prepared
electrodes, the Randles-Sevcik equation (Equation 4.2)190 was used on the electrodes that showed
the best performance from each sample. This equation is used to see the relationship between the
Ipa and Ipc with the square root of the scan rate. If Ipa and Ipc show a linear relationship with V1/2
this would mean that the reaction on the used electrode is only diffusion controlled. However, this
equation is originally for reversible and irreversible redox reactions, and in the case of quasireversible reactions such as V2+/V3+, we use this equation to assess the deviation from the
reversible redox reaction behavior. The increase in the slope of the line means better ion diffusion
Ip = (2.69 × 105) n3/2 A C D1/2 ν1/2

(4.1)

where Ip is the peak current in A, n is the number of electrons transferred in the reaction, A is the
electrode’s surface area in cm2, C is the solution concentration in mol/cm3, D is the diffusion
coefficient in cm2/s, and v is the scan rate in V/s.
Another way to confirm the enhanced diffusion of vanadium ions is from the results of the
Nyquist plots obtained by EIS measurements for each electrode. As EIS curves usually consist of
a semi-circle at high frequencies related to the resistance and a linear Warburg part at low
frequencies. The linear Warburg is related only to the diffusion of vanadium ions in our case and
the relationship between the Warburg slope and the diffusion resistance is inversely proportional
which means better ion diffusion at higher Warburg slope values.
The peak separation was simply calculated from the difference between Epa and Epc positions,
while the Ipa and Ipc were calculated using Nicholson equation (Equation 4.3)191,192 as the baseline
calculations were not accurate for the reverse scan in most cases which would result in high
calculation error. The Nicholson equation simplifies the calculation made from the CV curve and
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takes into account that both Ipc and Ipa are related and can be used to calculate to each other. The
main point is that the Nicholson equation work on the basis that no side reactions are happening
which is the case in these experiment in most cases where no HER reaction are present. To be able
to use this equation we will assume that there are no secondary reactions in the solution.
𝑖𝑖𝑝𝑝𝑝𝑝
𝑖𝑖𝑝𝑝𝑝𝑝
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0

+ 0.086

(4.2)

where ipc is the cathodic current as it is (forward scan), (isp)0 is the absolute current at the switching
potential where the scan change from forward to backward), (ipa)0 is the anodic current from the
reverse scan measured as it is without any correction.
The plain UCC is known to have poor kinetics towards the V2+/V3+ redox reaction59,193 and it
can be seen from CV curves in Figure 4.17a where no visible peaks are present for the vanadium
oxidation or reduction reactions and the UCC seems to promote the hydrogen evolution reaction
as expected. The parasitic HER needs to be inhibited to maintain the long-term and short-term
stability of the electrodes in an acidic medium which can be done using inhibitors such as
bismuth.52,194 The electrolyte concentration also affects the HER as higher moles of sulfuric and
hydrochloric acids mean more proton activity which leads to more hydrogen production. HER
becomes more dominant when the V2+/V3+ reaction potential is more negative than the HER
potential, therefore the electrode treatment and modification aim to keep the V2+/V3+ reaction
potential before the HER potential. The hydrogen gas bubbles will also cover the electrode surface
reducing the active surface area and passivating the active sites with molecular hydrogen. This
would consume the C-OH and C-O-C groups which act as active sites for V2+/ V3+ redox
reactions195 and thereby lower the activity of the electrode. The hydrophobicity of the untreated
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carbon electrodes plays a big role in their poor performance and lack of reversibility especially on
the negative side of VRFBs. The heat treatment of the CC and carbon fibers usually increases the
number of C-OH, C=O, and COOH functional groups on the electrode surface which would
increase the electrode’s wettability and enhance the kinetics of the V2+/ V3+ redox reactions. All
experiments with the TCC and oxide modified CC showed a shift in the peak potential with the
increase in the scan rate which means that the reaction is quasi-reversible on those electrodes.

Figure 4.17. (a) CV curves for UCC and TCC electrodes in (0.1 M VOSO4 in 1M H2SO4 and 1M
HCl) at 5 mV/s, (b) EIS curves for the same electrodes at -0.54 V vs SCE.
It can be seen from the CV curve that the heat treatment of the CC changed the electrochemical
behavior of the electrode substantially with the appearance of two well-defined peaks around -0.46
V for the oxidation of V2+ to V3+ and around -0.57 V for the reduction of V3+ to V2+. This means
that the heat treatment of the CC electrode enhanced the kinetics of the reaction as expected by
providing more catalytic sites for the vanadium reactions and increasing the wettability which
allows for a more efficient flow of vanadium ions to the electrode surface for the charge transfer.
However, unexpectedly the heat treatment of CC shifted the HER potential as it no longer appeared
in the scan range of mot TCC electrodes. The behavior of the TCC electrodes changed with each
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batch and with each treatment as the treatment was conducted in the tube furnace under room
atmosphere without a controlled airflow. By changing the size of the CC or changing its position
inside the furnace the electrode’s final behavior changed to an extent which was noticed by the
change in the curve shape while repeating the experiments. Some TCC electrodes promoted the
HER and others had a large peak separation or showed no clear reduction peak for V3+ to V2+ and
the results illustrated in Figure 4.17 were the most common ones that were obtained. As mentioned
above the TCC did not have a uniform surface which was changed with each treatment batch giving
these strange results.
ElS analysis of the electrodes was conducted at -0.54 V vs SCE and the results in Figure
4.17.b were used to assess the electrode’s resistance and ion diffusion performance. The EIS data
were initially fitted to an equivalent circuit (simple Randle cell) illustrated in section 3.2.7 to
obtain the needed results, where R1 is the ohmic resistance, R2 is the charge transfer resistance, Q2
is the constant phase element and W is the Warburg diffusion element. However, the EIS curves
could not be fitted using this circuit for any of the electrodes. This is explained by the fact that the
TCC EIS data showed two overlapping semi-circuits and not just one, which led to the use of
another fitting circuit using two cells (one for each semi-circle). However, the curve did not fit as
well and the calculated slope of the Warburg line was larger than 1 (usually, when the slope is close
to 1 that means that the redox reactions on the electrode are diffusion-controlled). This led to the
use of multiple circuit designs using different elements to investigate the EIS data and interpret
them.
Figure 4.18 demonstrate the final circuit used for EIS data fitting where RΩ represents the
ohmic resistance, (R2, R3, and R4) represent the resistance for each cell, (Q1, Q2, and Q3)
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represent the constant phase element for each cell, and finally the diffusion is represented by Mg
which stands for the anomalous diffusion element that is used for irregular or nonlinear diffusion
behavior.

Figure 4.18. Circuit design used for the EIS data fitting.
Applying the circuit fitting using the circuit in Figure 4.18 gave a perfect fit for the EIS
curves, indicating the presence of commonly three interfaces between the carbon with different
surface nature and solution, the carbon/metal oxide interface, and/or the metal oxide/solution
interface. The results of the R1, R2, and R3 resistance values are shown in Table. 4.1. Fitting the
UCC curve was not successful even using the above circuit and this was explained by nonuniform
results due to the very high resistance of the UCC as shown in Figure 4.16. Manual fitting was
used to get an estimate of the values of the resistance for each cell. The results for the EIS curve
for TCC showed the presence of three semi-circles, suggesting the presence of three active sites
with different activities towards the V2+/V3+ redox reaction. The presence of several semi-circles
in the EIS response is reported in the literature and explained differently according to the system.
The first semi-circle at high frequency is attributed to either the electrode resistance or the charge
transfer resistance associated with the pseudocapacitive charge storage, or electrolyte resistance in
the porous electrodes. While the second semi-circle at lower frequency is attributed either to the
diffusion resistance of the electrolyte or the resistance of the solid-electrolyte interphase layer or
the charge transfer resistance.170
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For the TCC EIS, the first semi-circle, at high frequency, should be attributed to the charge
transfer resistance associated with the most active sites (defects). While the second semi-circle, at
a lower frequency, is attributed to the charge transfer resistance associated with the surface
functional groups (-OH or -COOH). The slope of the EIS response at low frequencies was found
to be larger than 1 which was explained by the reaction being mixed controlled by charge transfer
at inactive surface and diffusion. The EIS results show that the TCC electrode resistance was much
lower than the UCC.
The stability of the UCC and 10 h TCC electrodes was investigated repeatedly for a different
number of CV cycles (100 to 300 cycles) at a scan rate of 5 mV/s in 0.1 M VOSO4 in 1M H2SO4
and 1M HCl solution (Figure 4.19). The UCC was tested even though it showed no activity
towards the V2+/V3+ redox reaction and the results showed that the electrode increased the HER
with the increase in time. The 10 h TCC was much more promising showing good activity and
stability even after 300 cycles in the electrolyte solution with no apparent increase in the HER
within the used CV scan range (-0.3 to -0.7 V). Many TCC electrodes were tested for 100 cycles
soon after the treatment process giving almost the same results with minor differences indicating
a reproducible performance. However, some TCC batches gave low performance towards the
V2+/V3+ reaction. Additionally, two TCC were tested 60 days after the treatment process and the
electrode’s activity was decreased in both cases suggesting that the positive effect of the treatment
process decreases over time. The effect of storage on the TCC performance was explained by the
reaction with oxygen in the air and other ambient atmosphere reaction that will change the surface
composition of the TCC electrodes. This effect could be different depending on the storage
conditions and on the type of the used carbon based electrodes.56
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Figure 4.19. CV stability results in 0.1 M VOSO4 in 1M H2SO4 and 1M HCl at 5 mV/s for (a) 10
h TCC and (b) 10 h TCC 60 days after treatment
Figure 4.19 shows the CV results for the stability for the 10 h TCC electrode and another
electrode from the same treatment batch 60 days after and with a scan range from (-0.3 to -0.8 V).
Results show that for the 10 h TCC an increase in peak current and peak potential overtime was
noticed. In the case of 10 h TCC electrode after 60 days of treatment, the results show a larger
increase in the peak separation and a decrease in the peak current over time. However, in both
cases, the HER reaction was not promoted even at the increased potential window suggesting that
the heat treatment enhanced the electrode stability and the effect was not diminished over time
which could be a result of the high ion diffusion performance of the used electrodes.

4.3.3. Electrochemical behavior analysis of WOx/CC electrodes
The WNFsx modified electrodes showed enhanced performance over the UCC electrodes. The
enhancement was the result of multiple factors such as the increase in the electrode’s surface area,
number of surface oxygen functional groups, conductivity, and wettability. The effect of different
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parameters such as the catalyst structure, the starting HT solution pH, the calcination of the
catalyst, the catalyst loading, and the existence of a binder was investigated to study their effect
on the electrochemical performance toward the V2+/V3+ reaction.
4.3.3.1. Catalyst loading effect on the electrochemical performance of the electrodes
The effect of the loading mass of WNFsx on the UCC and TCC was tested to determine the
best loading that would boost the performance of the CC towards the V2+/V3+ redox reaction. The
following three main loading values were studied 1, 2, and 5 mg/cm2 and in some cases, different
loading values were used to confirm the results obtained. The loading was mainly controlled by
adjusting the HT precursors solution concentration to 0.1, 0.2, 0.5 M and weighing the electrode
before and after the HT process to verify the loading mass. The increase in the catalyst loading is
expected to increase the surface area of the electrode and the number of surface oxygen functional
groups which should enhance the performance of the electrode up to a certain limit. However,
metal oxides usually have poor conductivity and hence the increase in the mass loading would also
cover the CC surface deactivating the available catalytic sites decreasing the conductivity, and
lowering the performance of the electrode eventually.
The loading effect was mainly tested for the catalyst prepared at pH= 5 using a binder-free
approach to modify the CC electrodes. CV results for the WNFs/UCC modified electrodes with
different loading also show the characteristics of a quasi-reversible reaction as mentioned above.
CV results for the different loadings of WNFs over TCC showed a tiny increase in the electrode
conductivity and a small decrease in the peak separation for the 1 and 2 mg/cm2 loading compared
to the TCC electrode. The effect of the catalyst was more visible in the case of the WNFs over
UCC as shown in Figure 4.20.a where the electrode showed two distinct peaks for the V2+/V3+
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redox reaction with a small peak separation compared to the UCC electrode. The CV for the 5
mg/cm2 loading showed that the increased loading increased the peak current a little bit which was
explained by the increase in the electrode surface area due to the increased loading that provided
more oxygen functional group to facilitate the vanadium redox reactions. The increase in loading
to 5 mg/cm2 decreased the peak separation which may be a result of a more uniform distribution
of the catalyst on the electrode surface for this exact sample and a result of the increase in the
resulting current. The small increase in the conductivity with the increase in the loading mass
indicates that the resulting tungsten oxide is not very conductive or defect rich to increase the peak
current any further. This is mostly because the resulting oxide is closer to stoichiometric rather
than a defective oxide at pH= 5. The stoichiometric form of metal oxides means that the metal ions
are highly coordinated giving a very low number of free electrons that can participate in the
conductivity. While the oxygen defective form of metal oxides means that the metal ions are
undercoordinated and hence there is a larger number of free electrons left after the removal of the
oxygen atoms that can increase the conductivity. Tungsten oxide is known to be a wide bandgap
semiconductor that increases its conductivity with the increase in oxygen defects in its structure
using different methods. Another reason for the limited enhancement in the modified electrode
performance is the fact that the increase in the oxygen content up to a certain limit could decrease
the performance rather than increase it by increasing the electrode resistance143,196 as noticed
during some experiments throughout this thesis. To get further insight on the loading effect, one
sample was tested on TCC electrode rather than UCC and the results showed that in the case of
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WNFs/TCC the CV curve gave slightly better performance suggesting that the combined effect of
the heat treatment and catalyst is better to use.

Figure 4.20. (a) CV curves for WNFs/UCC electrodes prepared at pH= 5 in (0.1 M VOSO4 in 1M
H2SO4 and 1M HCl) at 5 mV/s, (b) EIS curves for the same electrodes at -0.54 V vs SCE
The WNFs/UCC electrode results were inconsistent sometimes due to the catalyst deposition
on the UCC electrode surface during the HT reaction and the lack of surface functional groups that
could act as catalytic sites for vanadium redox reactions. Keeping that in mind, the obtained results
suggest that the effect the prepared oxide provides could replace the heat treatment effect at certain
mass loading values with more reliability and reproducibility of the results in the long term.
However, more accurate, better, and reproducible results could be obtained by combining heat
treatment even for lower times (three hours) with the catalyst added to the electrode surface.
EIS results for the WNFs/UCC electrodes measured using the same solution and potential and
fitted to the circuit in Figure 4.18 as it sowed the same two overlapped semi-circles followed by
a steep slope. The shape of the curve indicates that the modified electrodes show better
performance than the UCC with lower charge transfer resistance and better ion diffusion. The
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increase in the loading percentage gave a slightly smaller semi-circle and steeper slope which
could be a result of the enhanced electrode performance discussed above. However, when all
electrodes gave a very steep slope > 1.5 or higher this suggested that the line at the low frequencies
is not a diffusion related line and rather the start of another semi-circle which explains the large
slope values further proves the idea that the strange behavior of the EIS results is coming from the
existence of different interfaces in the reaction medium (WOx/CC, CC/electrolyte, and
WOx/electrolyte) where the large uncompleted semi-circle at the low frequencies could be
attributed to the UCC/electrolyte charge transfer resistance which was apparent in all electrodes.
The same EIS curve shapes and behavior were noticed for other battery systems.197 The anomalous
diffusion behavior was studied198,199 and linked to many mechanisms such as complex flows,
structural complexity in the electrode. The formation of a thin layer on the electrode surface and
the surface roughness could also be responsible for the obtained results which is possible as the
catalyst made the electrode surface much rougher as the SEM results showed.
4.3.3.2. Binder effect on the electrochemical performance of the electrodes
To study the effect of the electrode modification method on its electrochemical performance
towards the V2+/V3+ redox reaction two experiments were conducted using either a PVDF binder
modified WNFs/CC electrode or using a binder-free WNFs/CC modified electrode. The binderfree electrodes were prepared as mentioned in the experimental section by immersing the TCC or
UCC in the HT reaction solution. The PVDF modified electrodes were prepared using a
WNFs/PVDF mixture with a mass ratio of 9/1 in DMF either using an airbrush where the
WNFs/PVDF/DMF solution was spared over the electrode’s surface over a hotplate for instant
drying or using a solvent evaporation approach where the electrode was put in the bottom of a
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beaker containing the WNFs/PVDF/DMF solution and left to dry at 60 oC overnight to get the
same mass loading as the binder-free method to have a good comparison. Those two binder
modification approaches aim to get the best uniform coverage of the electrode surface by the
prepared catalyst which is expected to give the best electrochemical performance as the surface
catalytic sites would be maximized giving better results. After many experiments, the final
reproducible results obtained by CV for the three electrodes are shown in Figure 4.21 and it can
be directly seen that the binder-free modified electrode and the PVDF airbrush modified electrode
have an almost identical electrochemical behavior.

Figure 4.21. (a) CV curves for WNFs/UCC electrodes prepared at pH= 5 using a binder and
binder-free methods in (0.1 M VOSO4 in 1M H2SO4 and 1M HCl) at 5 mV/s, (b) EIS curves for
the same electrodes at -0.54 V vs SCE.
Weirdly in the case of solvent evaporation modified electrode and even though the electrode
mass before and after showed that the catalyst mass loading was similar to the other two methods
the electrode showed very bad activity or no activity at all and the V2+/V3+ oxidation and reduction
peaks disappeared. This may be due to the formation of a thin layer of DMF covering all the CC
stands surface which covers all the active sites that the vanadium ions react on. There were no
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visible or measured effects of the used binder or solvent when using the airbrush method on the
electrochemical behavior of the electrodes or the used vanadium solution. Therefore, depending
on the results of those experiments the airbrush method was used as the main deposition method
for the remaining experiments that were not conducted yet as it provided more accurate control
over the mass loading of the catalyst especially in low loading values.
The same results were noticed for the EIS analysis as the use of a binder or binder-free
electrodes showed minimal effect on the curves of the electrode charge transfer resistance or ion
diffusion where no major changes happened except in the case of the solvent evaporation approach
where no CV activity was visible.
4.3.3.3. The effect of the catalyst preparation pH on the electrochemical performance
As mentioned above the existence of oxygen defects in the catalyst structure increase its
conductivity and provide more active catalytic sites that enhance the kinetics of the vanadium
redox reactions and tungsten oxide is known to follow this rule as more oxygen deficiency means
better electrochemical performance. This is why much research focused on preparing deficient
tungsten oxides such as WO2.90, WO2.72, and in rare cases WO2.63 using different preparation and
post-treatment methods. Changing the pH of the percussor solution in the acidic range is one of
the simplest methods to alter the oxygen content of tungsten oxide using the HT reaction.
Therefore, WNFs were prepared using the same method at two pH values 5 and 2 to investigate
the effect of the pH on the formation of defect-rich tungsten oxide. The use of lower pH should
give more oxygen defects in the final oxide structure as the high proton concentration will consume
more oxygen atoms at the HT reaction conditions forming water molecules. This was confirmed
by the XRD results and the change in the color of the resulting powders from yellowish-white at
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pH= 5 which is associated with the formation of more stoichiometric WNFs to light blue at pH= 2
which is associated with the formation of oxygen defective WNFs. As mentioned above the results
of the WNFs/TCC electrodes were a little bit better than the WNFs/UCC electrodes which were
inconsistent sometimes for the catalyst prepared at pH= 5. However, in the case of the catalyst
prepared at pH= 2 the results of the WNFs/UCC were very close to the results of the WNFs/TCC
even at low loading values such as 1 mg/cm2 meaning that the effect of the deposited catalyst
surpassed the effect of heat treatment as can be seen in Figure 4.22 while it can be seen from the
CV results in Figure 4.23 that the WNFs prepared at pH= 2 gave better results than the WNFs
prepared at pH= 5 with lower ∆Ep and higher peak current at the same loading percentage.
Additionally, the WNFs/UCC electrode prepared by the binder-free method at pH= 2 using
EtOH/Water (50/50) mixture as a solvent (Figure 4.23) gave the highest peak current suggesting
a more uniform coverage of the electrode surface with the catalyst. The WNFs/UCC electrodes
gave the two distinct peaks for vanadium redox reactions with small peak separation and very good
reproducibility.
The catalyst was tested at different loading values and the results were consistent giving
almost the same peak separation values and showing a small increase in the peak current as the
airbrush method gave a uniform coverage of the CC surface even at low loading values. The peak
separation is decreased because of the defects in the structure which allow for a better electron
transfer process and enhancement in its kinetics. At 4 and 5 mg.cm2 loading the resulting current
increased which in turn gave larger peak separation, however, this peak separation was better than
the peak separation for the 2 mg WNFs/UCC prepared at pH= 5. The modified electrodes at pH=
2 and the one prepared using EtOH/Water as a solvent in Figure 4.22 showed clear activity towards
the HER which could be responsible for the small peak separation that was obtained as the
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existence of HER would make force the peaks to appear at lower potentials. This will cause the
electrode to appear more active but at the same time, this would affect its overall stability.

Figure 4.22. (a) CV curves for WNFs/UCC electrodes prepared at pH= 2 in (0.1 M VOSO4 in 1M
H2SO4 and 1M HCl) at 5 mV/s, (b) EIS curves for the same electrodes at -0.54 V vs SCE.

Figure 4.23. (a) CV curves for 2 mg WNFs/UCC electrodes prepared at pH= 5 and 2 using water
and EtOH/Water mixture as solvents in (0.1 M VOSO4 in 1M H2SO4 and 1M HCl) at 5 mV/s, (b)
EIS curves for the same electrodes at -0.54 V vs SCE.
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The results of the EIS confirmed the CV findings as the catalyst prepared at pH 2 gave better
performance due to the increase in conductivity and better ion diffusion where the same trend kept
showing like the results discussed above.
4.3.3.4. The effect of the catalyst structure on the electrochemical performance
The effect of the catalyst structure on the electrochemical performance of the electrodes
towards V2+/V3+ was studied using tungsten oxide nanoflakes at pH 5 and 2, tungsten oxide
nanowires (WNWs), and tungsten oxide noospheres (WNSph) at 2 mg/cm2 loading with UCC
electrodes. Each structure has its special characteristics such as high surface area, high
conductivity, a large number of edge active sites, etc. CV results for those structures show that
WNWs have the lowest peak separation and seem to be the best catalyst to use which can be
attributed to its enhanced conductivity and the existence of a large number of oxygen defects and
its structure. However, the same observation was noticed regarding the HER as this electrode
showed more activity towards it, which could be one of the reasons that gave very small peak
separation but that will affect the overall stability, On the other hand, the WNSph showed the
lowest activity between the three structures which is expected as its preparation process included
a calcination step at 500 oC for 1 hour which decreases the catalyst electrochemical performance
as discussed above, and this also led to a more stable performance as no HER was noticed in the
CV curve at te used potential nut resulted in larger peak separation. The activity of the WNFs/UCC
electrode prepared at pH= 2 is close to the activity of the WNWs/UCC electrode with the same
HER trend as both of them are prepared at low pH values and have the highest percentage of
defects in their structure. Repeated experiments with WNWs showed that any slight change in the
starting solution pH led to a change in the electrochemical behavior as one of the samples prepared
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showed lower activity towards V2+/V3+ redox reaction than the first WNWs samples prepared. This
could be because this slight change may lead to the formation of a percentage of nanorods insisted
of nanowires as defective tungsten oxide has an affinity to grow more along the [010] crystal plane
resulting in the formation of nanorods or nanowires145 which may have a different activity towards
the vanadium redox reaction. Figure 4.24 shows the CV and EIS results for UCC electrodes
modified with different tungsten oxide structures. All the electrodes showed very close EIS results
with low charge transfer resistance and enhanced vanadium ion diffusion indicated by the low
electrode resistance and enhanced activity.

Figure 4.24. (a) CV curves for UCC electrodes modified with WNFs, WNWs, WNSph in (0.1 M
VOSO4 in 1M H2SO4 and 1M HCl) at 5 mV/s, (b) EIS curves for the same electrodes at -0.54 V
vs SCE.
The relationship between Ip and v1/2 for the electrodes with 2 mg/cm2 loading in Figure 4.25
shows good linearity with WNFs prepared at pH= 2 with the binder-free method in ethanol and
water showing the highest ion diffusion process and the WNSph showing the lowest ion diffusion
among all electrodes which is consistent with the CV and EIS results discussed above.
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Figure 4.25. Relationship between Ip and ν1/2 using Equation 4.2
The stability of two TCC electrodes modified with WNFs is demonstrated in Figure 4.26 and
the results show that both electrodes demonstrate good stability performance. The WNFs prepared
at pH= 2 showed an increase in peak separation over time along with a decrease in the peak current.
However, the WNFs prepared at pH= 5 showed good stability after 500 cycles with a slight change
in the peak current. The combined effect of heat treatment and the tungsten oxide activity allowed
for more stability over time which is expected as the electrode has the highest ion diffusion
performance. A small increase in HER activity at the used scan range was noticed for the more
active electrodes as expected. The WNFs/UCC electrodes showed lower stability as HER activity
was increased for the catalyst prepared at pH= 2 caused by the catalyst activity and the UCC itself.
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The WNWs stability behavior was similar to the WNFs prepared at pH= 2 with an increase in
peak separation and HER activity over time while the WNSph showed better stability similar to
the WNFs prepared at pH= 5.

Figure 4.26. The CV stability results in 0.1 M VOSO4 in 1M H2SO4 and 1M HCl at 5 mV/s for
(a) WNFs/TCC at pH= 2 and (b) WNFs/TCC at pH= 5.
It was also clear that controlling the pH of the starting solution is highly important in
determining the resulting oxide deficiency level and by extent its conductivity, wettability, and
overall performance. The electrochemical parameters of each electrode that was discussed above
are demonstrated in Table 4.1 where it is clear that peak separation had an average value for each
catalyst prepared at specific pH with WNFs prepared at pH= 2 giving the best and most consistent
results with for peak separation up to a 2 mg/cm2 loading value and increasing this value with an
increase in peak current. The EIS results show an increase in the resistance values going from R1
to R3 with the electrode prepared with WNFs at pH =2 in ethanol and water giving the lowest
resistance results for all R values. The R3 shows the largest resistance values which are explained
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by the nonuniform coverage of the electrode by the metal oxide catalyst exposing a large area of
the UCC surface. This effect could be explored more by an extended coverage resistance study.
Table 4.1. Electrochemical parameters for tungsten oxide modified CC electrodes were used to
study the kinetics of V2+/V3+ redox reaction in (0.1 VOSO4 in 1M H2SO4 and 1M HCl) at 5 mV/s.
Material

ΔEp (mV)

Ipa

Ipc

UCC

---

---

---

---

1.2

6.6

> 300

10 h TCC

110

9.94

9.81

1.013

1.1

1.8

7.6

158

8.69

10.31

0.843

1.3

2.1

3.3

170

9.99

10.15

0.984

0.56

2.1

26.4

173

10.33

10.72

0.964

0.86

0.96

1.4

175

16.47

14.97

1.100

0.77

1.5

36.1

153

15.62

14.76

1.058

0.26

0.96

1.3

107

9.31

9.36

0.995

0.17

0.93

1.5

134

16.96

14.34

1.182

0.41

0.8

1

103

9.46

9.68

0.977

0.63

0.68

1.2

103

12.32

11.72

1.051

0.91

1.2

13.1

134

14.46

13.02

1.111

0.61

1.3

1.6

143

17.33

14.67

1.181

0.99

1.2

16.4

103

14.46

15.86

0.911

0.004

0.93

1.4

2 mg WNWs/UCC

66.92

10.92

11.96

0.913

0.75

1.2

16.4

2 mg WNSph/UCC

113

6.63

6.44

1.030

1

2.9

4

1 mg WNFs/UCC
pH= 5
2 mg WNFs/UCC
pH= 5 binder free
2 mg WNFs/UCC
pH= 5 PVDF binder
5 mg WNFs/UCC
pH= 5 binder free
5 mg WNFs/UCC
pH= 5 PVDF binder
1 mg WNFs/TCC
pH= 2
5 mg WNFs/TCC
pH= 2
1 mg WNFs/UCC
pH= 2
2 mg WNFs/UCC
pH= 2
4 mg WNFs/UCC
pH= 2
5 mg WNFs/UCC
pH= 2
2 mg WNFs/UCC
pH= 2 EtOH/Water

Ipa/Ipc R2 (Ω) R3 (Ω) R4 (Ω)
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4.4. Conclusion
The obtained results that were discussed above show that tungsten oxide is a very good
catalyst for the V2+/V3+ redox reaction when used to modify CC electrodes. The defective structure
of the oxide plays the most important role in determining the best catalyst along with the oxide
structure and loading percentage over the CC electrodes. It was also clear that controlling the pH
of the starting solution is highly important in determining the resulting oxide deficiency level and
by extent its conductivity, wettability, and overall performance. Tungsten nanowires showed the
best activity and the most deficient structure but their preparation conditions and deposition
method need to be carefully adjusted to get more reproducible results. The stability of the most
active electrodes with the lowest peak separation was not the best as the HER was promoted. For
all tungsten oxide catalysts, the 2 mg/cm2 loading gave very good results and it did not show much
of a change when the loading values were increased suggesting that 2 mg/cm2 is the optimal
loading value to be used in most cases. The electrodes showed good stability with relatively low
HER activity suggesting that the electrodes could enhance the battery overall efficiency especially
in the case of the less active catalysts.
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Chapter 5: Binary Bismuth/Tungsten Oxide using the
Hydrothermal method
5.1. Experimental work
5.1.1. Synthesis of binary bismuth/tungsten oxide and the modified electrodes
Binary bismuth/tungsten oxide and the modified electrodes were prepared with a Bi:W molar
ratio of 1:1, 1:2, and 2:1 using the HT process and electrode preparation process illustrated in
section 4.2. First, a specific mass of Bi(CH3COO)3 was dissolved in a specific amount of distilled
water under vigorous magnetic stirring giving a white dispersion that transformed to a transparent
solution with the addition of HCl solution (2M). In another beaker, a specific mass of either AMT
or SMT was dissolved in a small amount of distilled water under magnetic stirring to get a
transparent solution. Then the tungsten precursor solution was added dropwise to the bismuth
solution under continuous stirring and the pH was adjusted to five using and the solution was left
to stir for 10 minutes. Then the solution volume was adjusted using distilled water to reach the
desired concentration and was transferred to a 100 mL Teflon-lined stainless autoclave. After that,
one as-received piece of carbon cloth UCC (4 x 4 cm) was immersed in the solution and the
autoclave was sealed and heated at 180 oC in an oven for 20 hours unless stated below. The
autoclave was then allowed to cool to room temperature and the UCC was removed and the
remaining powder was filtered and they were all washed with distilled water and ethanol several
times. The CC and the powder were dried in an oven at 60 oC for 12 hours. Two CC electrodes
modified with Bi2WOx by the binder-free approach were calcined in a muffle furnace at 300 oC
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for 2 hours with a heating rate of 3 oC per minute to study the effect of the calcination on the
activity of the prepared metal oxide catalyst.
Some samples were prepared using the same procedure but with a final solution pH of two
instead of five and with heat treatment at 180 oC for 3 hours instead of 20 in an aim to prepare a
more defect-rich mixed oxide. The change in the pH gave a transparent yellow solution which
turned turbid yellow in a few minutes while all other synthesis steps were as stated above. Water,
EtOH, and EtOH/Water mixture were used as solvents to try and get a better electrode coverage
using a binder-free approach.

5.2. Results and Discussion
5.2.1. Physical characterization of the metal oxides and the modified electrodes
The SEM images for the BiWOx samples prepared at different metal molar ratios using water
as the solvent were similar to the results of the WNFs images as can be seen in Figure 5.1, Figure
5.2, and Figure 5.3 for the Bi2WOx/UCC electrodes prepared at 0.1, 0.2 and 0.5 M precursor
concentration. The metal oxides formed agglomerates that kept growing as a result of the increase
in reaction time and the precursor concentration as can be noticed from the agglomerate's size and
distribution depending on the starting precursor concentration which was similar to the results
obtained for the WNFs samples.
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Figure 5.1. SEM images of Bi2WOx/UCC prepared with 0.1 M metal precursor concentration.

Figure 5.2. SEM images of Bi2WOx/UCC prepared with 0.5 M metal precursor concentration.
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Figure 5.3. SEM images of (a) Bi2WOx/UCC prepared with 0.2 M metal precursor concentration,
(b) Bi2WOx/UCC after calcination at 300 oC for 2 hours.
The BiW2Ox/UCC electrode prepared at pH 2 with three hours HT reaction time demonstrated
the same results but with smaller particle sizes and fewer agglomerates due to the low reaction
time and precursor concentration as shown in Figure 5.4. The shape and size of the metal oxide
nanoparticles and the agglomerates on the CC cloth are directly related to the synthesis paraments
and the solution pH200,201 were usually smaller particles tend to form in the case of tungsten at
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lower pH values. The change in pH will lead to a change in the surface charge of the oxide
nanoparticles which induces attraction and repulsion forces that promote the agglomeration
process except if the pH is close the point of zero-charge. The change of pH will also affect the
solubility of the tungsten nanoparticles and the nucleation process affecting the final shape of the
oxide nanoparticles. In the case of the BiWOx metal oxide, the hydrolysis of Bi also plays a role
in producing smaller particles at lower pH values where nucleation is much more probable than
crystal growth. Increasing the pH will affect the Bi hydrolysis resulting in favorable crystal growth
over nucleation giving larger particle sizes. The crystal growth will influence the shape of the
particles with each small change of the pH giving long fibers, cubes, and other irregular shapes in
some cases which explains the results obtained in several experiments where long fiber-like shapes
and other mixed shapes were present in the final powder.

Figure 5.4. SEM images of BiW2Ox/UCC prepared with 0.1 M metal precursor concentration at
pH=2 and 3 h HT reaction time.
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The elemental composition and metal oxides molar ratios of the BiW catalysts and the
distribution of the elements in the powder and on the CC electrode were investigated using (EDX).
The EDX results in the first experiments showed that when AMT was used, the metal molar ratio
in the final powder was different than excepted. These results were used to modify the following
experiments to get the wanted metal molar ratio in each sample as can be seen in Table 5.1. EDX
mapping showed a uniform distribution of Bi, W, and O in the powder and on the CC where the
elements are deposited clearly all around the CC strands as can be seen from Figure 5.5 and Figure
5.6 for BiWOx and Bi2WOx.

Figure 5.5. SEM/EDX mapping of BiWOx powder prepared at pH= 5 where the results for O, Bi,
and W are shown.
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Figure 5.6. SEM/EDX mapping of Bi2WOx powder prepared at pH= 5 where the results for O, Bi,
and W are shown.
Table 5.1. EDX elemental composition analysis of the prepared bismuth tungsten oxides
Oxide catalyst
BiWOx
Bi2WOx
BiW2Ox

Element

Mass %

Atom %

W

45.04

48.22

Bi

54.96

51.78

W

30.42

33.20

Bi

69.58

66.80

W

60.70

63.72

Bi

39.30

36.28

XRD analysis was used to investigate the structure of the prepared metal oxides prepared at
different molar ratios and different pH values. The XRD patterns were compared to the ICDD
cards of tungsten oxides and tungsten bismuth mixed oxides (Bi2WO6, ICDD 01-079-2383),
(Bi3.84W0.16O6.24, ICDD 43-0447). The XRD patterns for BiWOx oxides prepared at different molar
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ratios of W and Bi at pH=5 and pH=2 using the HT method were almost identical in peak positions
meaning that changing the final oxide composition did not affect the XRD patterns.
However, the peak intensities changed slightly with the change in the oxides composition and
the same results were noticed for the BiWOx prepared at pH=2 where the peak intensities were the
lowest due to the change in the metal ratios and the oxygen defects in the structure which gave the
smallest crystallite size. The XRD patterns showed some characteristic peaks of hydrated tungsten
oxide, bismuth oxide, and mixed metal oxide as can be seen from Figure 5.7. The peaks at 28.15o,
32.47o, 33.47o, 46.81o, 55.89o, 58.54o are characteristic peaks for BiWOx oxide as mentioned in
literature and according to the (ICDD card No. 01-079-231) where the peak at 28.15o has the
highest intensity and is used to calculate the crystallite size of the samples. The peak at 40.88o is
attributed to Bi2O3 while the peak at 25.79o is attributed to Bi2O3 and BiOCl which explains the
high intensity of this peak. BiOCl exists in a small amount in the sample and it is confirmed by the
characteristic peak at 11.97o and the fact that this peak intensity increased in the sample prepared
at pH= 2 where higher amounts of HCl were used.
The remaining peaks at 14.07o, 18.10o, 23.04o, 24.23o, 27.15o, 36.67o, 49.57o are characteristic
peaks for (orthorhombic) hydrated tungsten oxide or defective tungsten oxide as mentioned above.
The same observation was made regarding the color of the final powder as the mixed oxide powder
prepared at pH= 5 was white with a tiny hint of yellow, while the color of the mixed oxide powder
prepared at pH= 2 was light blue indicating 0the formation of defective tungsten oxide. The
crystallite size is calculated using the Debby-Scherrer equation for three samples with different
molar ratios and it was found to be (34.23 nm) for the BiW2Ox catalyst prepared at pH= 2 and
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(31.69 nm) for the Bi2WOx catalyst prepared at pH= 5 and (35.65 nm) for the BiWOx catalyst
prepared at pH= 5.

Figure 5.7. XRD patterns for (a) WOx nanoflakes pH= 5, (b) WOx nanoflakes pH= 2, (c) WOx
nanospheres, (d) BiW2Ox pH= 2, (e) Bi2WOx pH= 5, (f) BiWOx pH= 5.
XPS analysis was used to investigate the oxidation states of the elements at the sample surface
for all samples and it was found that the change in the metal molar composition had minimal effect
on the oxidation states of the elements and the peak positions. For the mixed metal oxide samples,
XPS results showed the O1s, W4f, and Bi4f core-level spectrums for each sample. The O1s and
W4f spectrums were not expected to change dramatically compared to the WOx spectrums but
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shifted a little in the mixed metal oxide as the oxidation states of tungsten and oxygen did not
change but the change in the oxide composition would cause the small shift. Figure 5.8 and Figure
5.9 show the O1s, W4f, and Bi4f spectrums for the BiWOx sample prepared at pH= 5and BiW2Ox
prepared at pH= 2 respectively with the O1s and W4f peaks relatively at the same positions
reported for the WOx samples in chapter 4.

Figure 5.8. (a) W 4f, (b) O 1s, and (c) Bi 4f XPS narrow scan results for BiWOx (pH= 5).
The Bi4f spectrum in both samples showed the exitance of two characteristic peaks for Bi3+
at 159.63 eV and 164.91 eV for the BiWOx sample at pH= 5 and at 159.88 eV and 165.17 eV for
the BiW2Ox sample at pH= 2 with no noticeable peak shoulders or other peaks. The bismuth atoms
in the mixed metal oxide, bismuth trioxide, and bismuth oxychloride have Bi3+ and their XPS
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peaks will exist in the same range with minor shifts related to the change in the bonding energy in
each compound. The XPS results confirm the results obtained by the XRD patterns about the
structure of the powders and the formation of a more effective structure when using low pH values.

Figure 5.9. (a) W 4f, (b) O 1s, and (c) Bi 4f XPS narrow scan results for BiW2Ox (pH= 2).
FT-IR results for all binary bismuth tungsten oxide catalysts gave the same results which were
similar to the results obtained for the WOx samples with three main peaks for the O-H stretching
vibration and the physically adsorbed water H-O-H and finally the Bi-O, W-O, stretching
vibrations, and the O-W-O bridging with some noise as can be seen in Figure 5.10.
The contact angle measurements for the bismuth tungsten oxide catalysts showed that the
addition of bismuth to the tungsten oxide enhanced the wettability of electrodes prepared at pH=
5 and pH= 2 and for all metal oxide molar ratios. Instant wettability was achieved and almost all
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electrodes showed total water absorption within less than a second or a maximum of 10 seconds
as can be seen from Figure 5.11 which could be a result of the interaction between the two metal
oxides and the increased surface roughness along with the increase in the surface oxygen content
and the oxygen defects. The obtained results were consistent even when testing the electrode after
90 days showing good stability of the enhancement effect on the CC electrode.

Figure 5.10. FT- analysis results for the BiWOx, BiW2Ox, and Bi2WOx samples.
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Figure 5.11. Water contact angle measurements of (a) Bi2WOx/UCC pH= 5, (b) BiW2Ox/UCC
pH= 2.

5.2.2. Electrochemical behavior analysis of BiWOx/CC electrodes
To study the effect of the addition of bismuth oxide to the tungsten oxide structure on the
electrochemical performance of the electrodes three metal molar ratios were mainly investigated
to compare the effect of bismuth addition on the catalyst performance in comparison with WOx.
The ratios are Bi:W = 1:1, 1:2, and 2:1 which were prepared at pH= 5 and 2, and the electrodes
were modified using different loading values similar to that of WOx electrodes discussed above
(usually 1, 2, and 5 mg/cm2). As mentioned above bismuth oxide showed no electrochemical
activity towards the VO2+/VO2+ redox reaction and it showed limited electrochemical activity
towards the V2+/V3+ redox reaction. However, bismuth oxide was found to inhibit the parasitic
hydrogen evolution reaction as its existence shifts the HER potential to higher values allowing for
the electrode to work more without being damaged.
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CV results for BiWOx and Bi2WOx catalysts prepared at pH= 5 and deposited on UCC with
different loadings in Figure 5.12 and Figure 5.13 demonstrate the same behavior reported using
the WOx/UCC electrodes with a small increase in the peak current and peak separation values with
the increase in loading percentage. The change in the catalyst composition with the addition of
bismuth oxide did not have any major effect on the electrode’s electrochemical performance. The
added bismuth oxide replaced the tungsten oxide and kept the increase in the electrode’s surface
area and also provided oxygen functional groups to the electrode surface which act as catalytic
sites for the vanadium redox reactions. All the mixed bismuth/tungsten oxides modified electrodes
showed improved catalytic activity towards the V2+/V3+ redox reaction in addition to an enhanced
wettability regardless of the loading percentage. There were no major differences in the
electrochemical behavior between the BiWOx and the Bi2WOx modified electrodes according to
the CV results. It is clear from the CV curves that the addition of small amounts of the catalyst (up
to 2 mg/cm2) had a positive effect on inhibiting the parasitic HER while at higher loadings (5
mg/cm2) the modified electrodes showed an increase in the HER meaning that a loading percentage
of 2 mg/cm2 could be the best to use. This is consistent with the values of ∆Ep where the increase
in loading led to an expected increase in the current and ∆Ep suggesting that 2 mg is the best
loading value to be used. Most loading values from both catalysts showed much higher activity
towards the V2+/V3+ redox reaction than the UCC cloth and without the need for heat treatment.
EIS results for the two catalysts showed that the modified electrode had much lower resistance
with small semi-circles and low resistance values. However, no major differences are noticed
between the electrodes with different loading values as the catalyst effect on the resistance is
noticeable after even a small addition (0.4 mg/cm2). EIS results also show two clear semi-circles
in most cases similar to results obtained by the WOx modified electrodes.
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Figure 5.12. (a) CV curves for BiWOx/UCC electrodes prepared at pH= 5 in (0.1 M VOSO4 in
1M H2SO4 and 1M HCl) at 5 mV/s, (b) EIS curves for the same electrodes at -0.54 V vs SCE.

Figure 5.13. (a) CV curves for Bi2WOx/UCC electrodes prepared at pH= 5 in (0.1 M VOSO4 in
1M H2SO4 and 1M HCl) at 5 mV/s, (b) EIS curves for the same electrodes at -0.54 V vs SCE.
To further investigate the effect of the pH mentioned in the case of WOx, all three catalysts
were prepared at pH= 2 giving a light blue color powder instead of the slightly yellowish-white
powder obtained at pH= 5 indicating the formation of an oxygen detective structure containing an
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amount of both defective WOx and hydrated WOx. CV results in Figure 5.14 demonstrate the
electrochemical activity of the BiW2Ox modified electrodes at different loading values, and it can
be seen that the peak current increased with the increase in loading while ∆Ep change was small
going from 0.5 mg/cm2 to 5 mg/cm2. This catalyst showed the best activity towards the V2+/V3+
redox reaction with high reproducibility. However, using the BiW2Ox catalyst led to a notable
increase in the HER at 2 mg or higher loading values, which could be explained by the increased
activity of the catalyst which promoted the HER after a certain loading limit. The notable increase
in the HER which was the highest compared to all other electrodes could be the reason why this
modified electrode gave the lowest peak separation as mentioned above. EIS results for the
BiW2Ox catalyst show a decrease in the electrode resistance with the increase in the catalyst
loading from 0.5 to 3 mg/cm2 and then minimal change when going from 3 to 5 mg/cm2. All the
samples showed that the line at the low frequency is the starting of a new semi-circle with a very
large slope value.

Figure 5.14. (a) CV curves for BiW2Ox/UCC electrodes prepared at pH= 2 in (0.1 M VOSO4 in
1M H2SO4 and 1M HCl) at 5 mV/s, (b) EIS curves for the same electrodes at -0.54 V vs SCE.
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The BiWOx catalyst prepared at pH= 2 gave good results at a loading value of 2 mg/cm2 on
the UCC electrode Figure 5.15. The same catalyst was used to modify a TCC to see if there is a
difference between both electrodes' performance and it was found that the catalyst gave very
similar activity on the TCC to the UCC electrode, but the TCC electrode promoted the HER more
than the UCC modified electrode which explains the lower peak separation. EIS results for both
UCC and TCC modified electrodes gave almost identical semi-circles and curve shapes meaning
that at this loading the catalyst mainly controlled the charge transfer resistance, the electrical
double layer, and the ion diffusion process regardless of the carbon cloth pretreatment.

Figure 5.15. (a) CV curves for BiWOx/UCC & BiWOx/TCC electrodes prepared at pH= 2 in (0.1
M VOSO4 in 1M H2SO4 and 1M HCl) at 5 mV/s, (b) EIS curves for the same electrodes at -0.54
V vs SCE.
Bi2WOx catalyst prepared at pH= 2 (Figure 5.16) was prepared using water and EtOH/Water
mixture as solvents to study the effect of the solvent on forming a more uniform catalyst layer on
the CC strands using the binder-free approach. The CV results show a small increase in the peak
current with a small decrease in the peak separation for the electrode prepared using EtOH/Water
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as solvent. The EIS results also showed a slight decrease in the electrode resistance giving a smaller
semi-circle with a slightly steeper slope.

Figure 5.16. (a) CV curves for Bi2WOx/UCC electrodes prepared at pH= 2 in water and
EtOH/Water solvents in (0.1 M VOSO4 in 1M H2SO4 and 1M HCl) at 5 mV/s, (b) EIS curves for
the same electrodes at -0.54 V vs SCE.
The relationship between Ip and v1/2 for the electrodes in Figure 5.17 also shows good linearity
compared to the results obtained by WOx in chapter 4 with BiW2Ox/UCC prepared at pH= showing
the best diffusion efficiency towards the V2+ and V3+ ions which is the same results proved by the
CV and EIS results. The only difference from the WOx results was that the TCC electrode had the
least diffusion performance even when compared with catalyst samples prepared at pH= 5.
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Figure 5.17. Relationship between Ip and ν1/2 using Equation 4.2
The stability of the bismuth tungsten oxide modified electrodes showed consistent behavior
suggesting that the binary metal oxide greatly enhanced the electrode’s performance and stability
over time up to 300 cycles. Figure 5.18 shows that the Bi2WOx/TCC prepared at pH= 5 stability
was high up to 300 cycles with minimal increase in the peak separation and a small change in the
peak current and with no HER activity that will degrade the electrode. The BiWOx/UCC electrode
prepared at pH= 2 showed the same performance with a minimal increase in the peak separation
and peak current. However, the BiW2Ox/UCC electrode prepared at pH= 2 which was the electrode
with the best activity towards the V2+/V3+ redox reaction showed two different behaviors. Figure
5.18.c for the electrode prepared using a binder-free approach and the performance of the electrode
decreased gradually with a considerable increase in the peak separation and a decrease in the peak
current suggesting that the electrode coverage and metal oxide deposition was not good which led
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to this large decrease in ∆Ep even though the electrodes showed very good activity at first. On the
other hand, the electrode prepared using PVDF binder with the same metal oxide showed very
good performance and a small increase in peak separation over time up to 300 cycles with the
lowest peak separation. However, the two electrodes in Figure 5.18.c and Figure 5.18.d promoted
an increase in the HER at a moderate rate at the beginning and then at a slower rate after 200 cycles
which could be explained by the high activity of the prepared BiW2Ox oxide which would lead to
faster degradation of the electrode over time.

Figure 5.18. The CV stability results in 0.1 M VOSO4 in 1M H2SO4 and 1M HCl at 5 mV/s for
(a) Bi2WOx/TCC at pH 5 binder-free and (b) BiWOx/UCC at pH 2 binder-free and (c)
BiW2Ox/UCC at pH 2 binder-free and (d) BiW2Ox/UCC at pH 2 PVDF binder.
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Table 5.1 demonstrates the electrochemical parameters of each electrode that was discussed
above and the results clearly show that the BiW2Ox/UCC prepared at pH= 2 showed the best
activity towards the V2+/V3+ redox reaction even at low loading values such as 0.5 mg/cm2.
Table 5.2. Electrochemical parameters for bismuth tungsten oxide modified CC electrodes were
used to study the kinetics of V2+/V3+ redox reaction in (0.1 VOSO4 in 1M H2SO= and 1M HCl) at
5 mV/s
Material

ΔEp (mV)

Ipa

Ipc

Ipa/Ipc

R2 (Ω)

R3 (Ω) R3 (Ω)

UCC

---

---

---

---

1.2

6.6

> 300

10 h TCC

109.88

9.94

9.81

1.013

1.1

1.8

7.6

1 mg BiWOx/UCC, pH= 5

137.1

11.24

12.7

0.885

1.3

2.1

3.3

2 mg BiWOx/UCC, pH= 5

123.5

13.42

14.02

0.957

0.56

2.1

26.4

5 mg BiWOx/UCC, pH= 5

128.7

16.00

17.41

0.919

0.86

0.96

1.4

0.4 mg Bi2WOx/UCC, pH= 5

134.8

6.95

6.97

1.001

0.77

1.5

36.1

1 mg Bi2WOx/UCC, pH= 5

132.9

9.05

10.42

0.868

0.26

0.96

1.3

2 mg Bi2WOx/UCC, pH= 5

125.3

10.87

11.63

0.934

0.17

0.93

1.5

5 mg Bi2WOx/UCC, pH= 5

133.6

14.66

14.47

1.013

0.41

0.8

1

0.5 mg BiW2Ox/UCC, pH= 2

76.8

8.98

8.51

1.056

0.63

0.68

1.2

1 mg BiW2Ox/UCC, pH= 2

73.5

10.53

10.89

0.967

0.91

1.2

13.1

2 mg BiW2Ox/UCC, pH= 2

80.4

15.82

16.99

0.931

0.61

1.3

1.6

3 mg BiW2Ox/UCC, pH= 2

63.8

17.07

18.47

0.924

0.99

1.2

16.4

5 mg BiW2Ox/UCC, pH= 2

70.2

19.53

21.03

0.928

0.004

0.93

1.4

2 mg BiWOx/UCC, pH= 2

87.1

11.48

11.72

0.979

0.75

1.2

16.4

2 mg BiWOx/TCC, pH= 2

73.7

11.86

13.69

0.866

1

2.9

4

2 mg Bi2WOx/UCC
pH= 2 Water

120.7

10.49

11.58

0.906

1.1

1.8

7.6

2 mg B2iWOx/UCC
pH= 2 EtOH/Water

113.4

12.42

13.30

0.933

1.3

2.1

3.3
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5.3. Conclusion
The results of the binary bismuth tungsten oxide catalyst modified CC electrodes show that
the addition of bismuth to the tungsten oxide structure influenced the oxide performance towards
the V2+/V3+ positively. The binary metal oxide showed similar behavior to tungsten oxide in
enhancing the V2+/V3+ redox reaction more at pH = 2 due to the resulting defective structure
discussed above. The same loading effect trend was also observed with 2 mg/cm2 giving the best
results in most cases. The metal molar ratio affected the catalyst performance with Bi:W = 1:2
prepared at pH= 2 giving the best activity in all experiments with the lowest peak separation. While
the Bi:W = 2:1 showed the best stability modified electrodes showed high stability after up to 300
cycles with minimal HER activity confirming their enhanced performance with relatively low peak
separation.
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Chapter 6: Macroporous WOx and BiWOx: Investigating
Polystyrene Nanospheres for 3D hard templating
6.1. Introduction
Three-dimensionally ordered macroporous materials (3DOM) gained a lot of attention in the
past ten years because of the unique properties they possess due to their highly porous uniform
structure. They are usually prepared using a solid template that consists of spherical particles of
the same size (above 50 nm) which is then removed using different methods to give an inverse
opal structure that resembles a bee hive with a large surface area. This allowed for their use in
several applications such as sensors,202–206 catalysis,207–210 photonic crystals,211,212 energy
storage213,214 among others. 3DOM materials can be prepared using polymers215 and metals216,217
or metal oxides218–221 depending on the specific application given that those materials can infiltrate
the empty spaces of the hard template and then be converted into the desired hard material. The
process of preparing 3DOM is called colloidal crystal template CCT method222–224 and it involves
the use of certain polymers221,225–227 (usually polystyrene PS or Polymethyl methacrylate PMMA)
or silica spheres228–230 due to the limited number of materials that can form highly monodispersed
spherical particles. The difference between those two materials in CCT preparation is the removal
method of the template, where silica spheres could be removed at room temperature by treatment
with dilute hydrofluoric acid230 when the final material is a polymer or when heat treatment is not
favorable. In the case of polymer spheres, they are usually removed by heat treatment at
temperatures above 300 oC for more than 2 hours and in some cases by treatment with specific
solvents such as tetrahydrofuran THF. This is why polymer CCT is usually used to prepare ceramic
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materials as heat treatment is needed to obtain the desired ceramic structure which will allow for
the 3DOM structure to form as the template is being removed. Preparing ceramic materials as
3DOM will enhance their properties and largely increase their surface area as most metal oxide
has low surface area after heat treatment.231
Polymeric materials are relatively cheap, easy to make, and can be made into different forms
like thin films, spheres, and fibers. Polymers can be natural or synthetic.232. Polymer nanoparticles
are important for many industrial applications like photonics, sensors, pollution control,233
environmental technology,234 smart drug delivery,235 and the preparation of colloidal crystal
templates225,236 which can be used to prepare three-dimensionally ordered nanoporous materials.
Polymer nanoparticles have been prepared using several methods like dispersion
polymerization237 that is usually used to prepare micron size particles, solvent evaporation,238
salting out.239 Among several, the most used method is emulsion polymerization (EmPoly) that
includes traditional and surfactant-free emulsion polymerization240 and mini-emulsion
polymerization.241
EmPoly got a lot of attention as it produces polymers in large quantities and is relatively
simple, fast, reliable, and scalable at the same time. EmPoly is used today to prepare most of the
world's production of polymers and many variations of the original preparation method were
proposed during the years.242 EmPoly is a radical polymerization process that involves the use of
water as a solvent, a monomer of small organic molecules that can bond in long chains, an anionic,
cationic, non-ionic, or amphoteric surfactant to lower the surface tension and form the micelles
that control the polymer final shape, and a radical initiator to start the polymerization process.243
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In some cases, other ingredients like co-monomers are added to enhance the overall polymerization
process and allow for more control over the final product.
Polystyrene (PS) is one of the most important polymers that could be easily made into
different shapes, expanded, and as foam,244 with applications ranging from the preparation of
photonic crystals245 to drug delivery.246 PS nanoparticles were prepared using dispersion
polymerization with a size range of 200 to 2,000 nm.247 It was also prepared by EmPoly with a
size range of 1.2 to 5 μm248 and also with a size of almost 200 nm.218 Table 6.1 shows a comparison
between the common methods used in polystyrene preparation.
One of the interesting uses for PS spheres is the preparation of three-dimensionally ordered
macroporous materials.218,236,249,250 Materials/catalysts with a pore size of 50 to 100 nm are of great
interest as the supply of reactants to the surface and removal of byproducts is enhanced, while
maintaining the catalyst strength. The smaller the PS spheres would give a larger surface area
material, which is highly desired for surface-dependent applications. However, literature
discussing the controlled synthesis of sub-50 nm PS spheres is not enough, and the experimental
work that was re-tested did not provide controlled and reproducible results with the existence of
agglomerates due to the use of very high surfactant concentrations and the need for filtration or
centrifuging to get the final monodispersed spheres.251

Page | 122

Chapter 6: Macroporous WOx and BiWOx: Investigating Polystyrene Nanospheres for 3D hard templating

Table 6.1. Common methods for the preparation of polystyrene.

Dispersion polymerization

Surfactant free emulsion
polymerization

Emulsion polymerization

Method

Description

Advantages

Disadvantages

- Radical polymerization
- Poorly water-soluble
monomer
- Water-soluble initiator
- Final polymer is poorly
soluble in the reaction
medium
PS size between 40 nm to 5
μm

- Uniform heat transfer and
easily controlled reaction
temperature
- Low viscosity (almost like
water), polymer molecules are
inside the particles, and
viscosity is not dependent on
molecular weight.
- The resulting polymer may be
used directly if wanted.
- It produces high molecular
weight colloidal polymers at
short times.
- Water is the medium.

- A Surfactant is needed
- Need extra process to
remove the surfactant and
other contaminates and in
drying.
- Works only for addition
polymerization using a
hydrophilic initiator.
- Water removal consumes
a lot of energy.
- Cannot be used for
condensation, ionic, or
Ziegler-Natta
polymerization

- Radical polymerization
- Poorly water-soluble
monomer
- Water-soluble initiator
Initiator work as a stabilizing
agent.
- Final polymer is poorly
soluble in the reaction
medium.
- PS size down to 100 nm

- Almost the same as emulsion
polymerization
- No surfactant molecules
adsorbed on the surface of the
particles meaning less proccing
time to remove them.
- Environmentally friendly.

- Almost the same as
emulsion polymerization
- Usually results in wide
size distribution.
- Particle size smaller than
100 are hard to obtain.

- Radical polymerization
- Monomer and Initiator
dissolve in the reaction
medium
- Final polymer is poorly
soluble in the reaction
medium
- PS size between
200 nm to 15 μm

- Can produce micron size
monodisperse polymer
Particles in a single batch
process
- polymer is easily separated
- Obtain polymer in a directly
useful form.

- Stabilizers or surfactants
needs to be used.
- Organic solvent must be
used.
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In this work, the EmPoly method was used to prepare monodispersed polystyrene spheres
with small size and narrow size distribution to be used in the preparation of colloidal crystal
templates that could be used for the preparation of ordered macroporous metal oxide catalysts. The
effect of different preparation parameters on the size and size distribution of the PS spheres were
studied to get a clear idea of the modification on the recipes that can produce a specific PS sphere
size with a narrow size distribution.

6.2. Experimental
6.2.1. PS spheres preparation
All the polymerization reactions were conducted in a four-neck round bottom flask equipped
with a digital thermometer, under nitrogen gas, and a reflux condenser, the flask's fourth neck was
used to add the reactants as shown in Figure 6.1. The following procedure was used to prepare all
samples, at first, a specific amount of distilled water was added to the flask and heated to a certain
temperature and nitrogen gas was bubbled into the water for 10 minutes to remove oxygen from
the reaction medium. This is because oxygen can act as an initiator for the polymerization reaction
which would affect the process and start the polymerization randomly. Additionally, the presence
of oxygen in radical polymerization could restrict the polymerization and decrease the yield or
even terminate the formed radicals which will interfere with the desired polymerization process
for polystyrene preparation.252,253 A specific amount of the surfactant PVP or SDS was then added
to the solution with magnetic stirring at 350-450 rpm and was left to stir at the desired temperature
for 10 minutes. After that, the styrene monomer was added to the solution and the mixture was left
to stir for another 20 minutes to ensure that most of the styrene droplets are in the SDS micelles or
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have been covered with PVP molecules. After that, the nitrogen gas tube is lifted from the solution
and kept above the solution to keep the polymerization reaction going under an inert atmosphere,
then the initiator solution (specific mass of KPS in 25 mL of water) was added to the reaction
mixture. Finally, the polymerization reaction is left to continue under magnetic stirring and heating
for 24 hours, unless otherwise stated below.

Figure 6.1. Setup for the preparation of PS spheres using the emulsion polymerization process
under nitrogen atmosphere.
The prepared PS spheres were characterized by dynamic light scattering (DLS) which gave
information about the size and size distribution of the prepared spheres. The shape and size of the
PS spheres were verified by scanning electron microscopy (FESEM).
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6.3. Results and discussion
The size of the prepared PS spheres ranged between 40 to 250 nm and the change of each of
the following parameters gave different sizes and size distributions. All experiments were
conducted multiple times to verify the results' reproducibility, and the final recipe was used to
prepare more than ten batches with different batch sizes to make sure that the results were reliable.

6.3.1. The effect of surfactant concentration
The surfactant concentration is one of the parameters that affect the EmPoly process the most,
as experimental results indicate. Upon addition of the surfactant, the surface tension of the solution
will decrease as the surfactant molecules adsorb on the solution surface. This continues to happen
until the critical micelle concentration (CMC) is reached and micelles start to form inside the
solution. After that point, any increase in the surfactant concentration will have minimal effect on
the surface tension but the interfacial tension will continue to decrease. This is because the solution
surface will remain covered by the surfactant molecules after reaching the CMC but the
hydrophobic parts of the surfactant will start to orientate themselves inside the micelles lowering
the interaction between them and the water molecules. Usually, the increase in surfactant
concentration above CMC will lead to an increase in the number of micelles in the solution and as
more micelles form the electrostatic repulsion in the case of ionic surfactants will reduce the size
of the micelles down to a certain point. While in the case of the nonionic surfactants the continuous
addition of surfactant will increase the steric effect as more surfactant molecules will exist between
the monomer droplets. This will make it harder for the monomer molecules to approach each other
and merge to make larger particles which will lead to the formation of small size particles. The
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increase in the number of micelles will also affect the particle nucleation as initiator radicals will
be able to reach more micelles giving a high number of active centers in the initiation step of the
polymerization resulting in faster monomer conversion rates and smaller size particles.254,255
In the case of PVP (M.W. 40,000), even though increasing the concentration of the surfactant
from 12 to 35% did not result in decreasing the size of the PS spheres, with the size maintained in
the range of 160 - 170 nm, it resulted in a very narrow size distribution according to the dynamic
light scattering (DLS) measurements that are shown in Table 6.2. In this PVP concentration range,
increasing the PVP concentration just increases the PVP steric effect, and the stabilization of the
monomer takes place as soon as PVP is added to the solution. However, at a high concentration
(50%) of the PVP (MW=40,000) a white precipitate formed especially when temperatures above
90 oC were used, and the DLS measurements showed multiple peaks, as Table 6.2. shows, with
wide size distribution. This was also noticed for PVP (MW=360,000) at much lower concentrations
(12%) at 70, 80, and 90 oC. In the case of high concentrations of PVP (MW=40,000), a significant
amount of PVP is not expected to be involved in the stabilization of the styrene monomer and will
form insoluble compounds when heated between 70 to 90 oC due to the presence of the persulfate
and styrene. This behavior of PVP (MW= 40,000 and 360,000) is reported in the presence of
persulfate and vinyl acetate.256 This effect is also noticed at lower concentrations of the PVP with
high molecular weight (MW=360,000). Moreover, it is expected that in some experiments the
white precipitate was due to the cloud point and it is a known phenomenon in nonionic surfactants
that depends on its concentration, the reaction temperature, and the existence of salts and other
additives in the solution especially SDS where insoluble clusters form.257,258 The effects of PVP
concentration and molecular weight were studied and the results showed a high dependency of the
PS spheres on the PVP concentration.259
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In the case of SDS, the increase in the concentration from 2 to 8 % (relative to the styrene
amount) had a higher impact on the size of the PS spheres than PVP, as shown in Table 6.2. with
the size going down from 170 to 40 nm. The DLS results of the S07 sample in Figure 6.2 showed
a sharp peak, indicating a narrow size distribution and small PDI values (Table 6.2). The anionic
surfactants such as SDS are known to result in particles with a smaller size than the nonionic
surfactants such as PVP.
Table 6.2. Recipes for the surfact8ant concentration effect on PS spheres size
Recipe

% of styrene

Particle size (nm)

SD

RSD%

PDI

-

163

11.74

7.20

0.08

17

-

176

8.94

5.07

0.068

S3

25

-

167

13.4

8.02

0.02

S4

35

-

171

5.65

3.30

0.026

S5

50

-

122 - 584 &
precipitate

---

---

0.49

S6

-

2

172

4.497

2.61

0.038

S7

-

5

50

2.198

4.39

0.036

S8

-

8

41

1.59

3.87

0.102

S9

-

12.5

76.18 - 4208

---

----

0.244

S10

-

25

49 - 214 &
precipitate

---

---

0.752

PVP

SDS

S1

12

S2

Temperature 90 oC; water 125 mL; styrene: 8%; KPS: 2% of styrene
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Figure 6.2. DLS curves for the SDS-S7, SDS-S9, and SDS-S10 recipes, with 8% SDS relative to
the monomer concentration.
Even though the size dropped to 40 nm when an SDS concentration of 8% was used the PDI
was increased and reached 0.1. At higher SDS concentrations, the DLS measurements showed
higher particle sizes,260 multiple peaks, and/or a very wide size distribution (Figure 6.2), similar
to what was observed in the case of PVP. At high SDS concentrations, a white participant formed
which could be the result of SDS hydrolysis at high temperatures into dodecanol.261
A proposed mechanism of the EmPoly process in the presence of SDS and PVP surfactants is
illustrated in Figures 6.3.a and Figures 6.3.b, respectively. In both cases, the surfactant molecules
behave the same lowering the surface and interfacial tension and then forming micelles. The
difference is in the stabilizing mechanism of each surfactant where SDS micelles are stabilized by
electrostatic repulsion while PVP micelles are stabilized by the steric effect which forms a bundle
of surfactant molecules that surround the monomer by multiple layers.
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Figure 6.3. Proposed polymerization process mechanism using a) SDS, b) PVP
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6.3.2. The effect of surfactant type
Aiming to investigate the effect of adding SDS to PVP to verify if smaller and more uniformed
PS spheres than those were obtained in the presence of PVP could be formed. Several mixtures of
PVP and SDS were tested with different ratios and with a low monomer concentration of 1% as
Table 6.3 shows. As demonstrated by the results above, anionic SDS surfactant gave smaller PS
spheres than non-ionic PVP, while the size distribution was narrow in both cases. Anionic
surfactants always give a smaller particle size than non-ionic ones,262 that is because the
electrostatic repulsion between the anionic surfactant molecules is much stronger than the steric
repulsion between the non-ionic surfactant molecules (Figure 6.3.a).
Table 6.3. Recipes for the surfactant type effect on the PS spheres size
Recipe

% of styrene

Particle size (nm)

SD

RSD%

PDI

0

133

12.723

9.56

0.055

25

1

71

4.21

5.92

0.013

SP2

25

2

229

9.744

4.25

0.095

SP3

25

3

> 400

---

---

0.407

SP4

10

2

72

3.252

4.51

0.015

SP5

0

5

152

7.29

4.79

0.042

SP6

0

10

128

7.64

5.96

0.051

PVP

SDS

SP0

25

SP1

Temperature 70 oC, water 125 mL; styrene: 1%; KPS: 2% of styrene
When a mixture of both surfactants was used by adding small amounts of SDS with a specific
concentration of PVP (25%), it was found that the polymerization could only take place at
temperatures up to 75 oC. Any higher temperatures at this PVP concentration and any SDS
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concentration led to the formation of a white precipitate, which consists of SDS micelles that
agglomerate along the PVP strands to form different sizes of SDS/PVP aggregates and that is
expected as SDS is known to interact with PVP polymer263–265 especially at high temperatures due
to the cloud point effect discussed above which is affected by the addition of SDS and the
temperature change. This would lead to a polydisperse product containing the PS spheres and those
aggregates. Moreover, when the SDS amount in the surfactant mixture was raised to 2% or above
as Table 6.3 shows, even at low temperatures (70 oC), precipitation has happened due to the
interactions between SDS and PVP triggered by the high concentration of SDS. The smallest PS
sphere size obtained using these mixtures was 71 nm using (25% PVP + 1% SDS of the styrene
amount) or (10% PVP + 2% SDS of the styrene amount) with a PDI of 0.013. The results showed
that using PVP only as a surfactant, using 25% PVP to styrene, gave a sphere size of 133 nm,
which means that the addition of the 1% SDS to the recipe reduced the size by 62 nm which is
almost around half its original value.

6.3.3. The effect of monomer concentration
Monomer concentration was changed between 1 - 10% of the total mixture and the results are
demonstrated in Table 6.4. It is reported by many studies266,267 that when all the other parameters
are constant in emulsion polymerization the size of PS spheres increases with increasing the
monomer concertation, as more monomer molecules would be present in solution. After the
addition of the initiator, the first nucleation sites form when the water-soluble initiator diffuses
inside the micelles, then these sites would start to attract more monomer molecules from the
solution. Therefore, the increase in the initial monomer concentration means more chance for the
particle size to be enlarged and that is in agreement with most of the literature discussing the effect
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of the monomer concentration on the size of polymer nanoparticles. In the case of both SDS and
PVP, when the concentration of the surfactant was fixed, every increase in the monomer
concentration caused an increase in the PS sphere size. In the case of PVP, when the surfactant
concentration was changed as a specific percentage, 25%, of the monomer concentration, each
increase in the monomer concentration caused an increase in the PS sphere size as well. Table 6.4
shows that after the monomer concentration was decreased to 0.75% no major change in the size
or size distribution was noticed with any further decrease in the concentration. These results
indicate that the lowest size that can be obtained using PVP at these conditions is around 100 nm.
SEM images in Figure 6.4 show the shape of the PS spheres for the M2, M9, M11, and M12
recipes. The images clearly show the formation of PS spheres with different sizes, while the SEM
image of recipe S5 shows non-uniform PS formation with aggregates and large size particles due
to the high PVP concentration. As expected, a small decrease in the size is noticed in SEM images
in comparison to the DLS reported sizes. In the case of the PVP/SDS mixture, the dependence of
the PS sphere size on the monomer concentration was very similar to that of PVP alone.
Opposite to nonionic surfactants such as PVP, in the case of SDS, increasing the monomer
concentration, while changing the SDS concentration at a fixed percentage of the monomer (5%),
caused a decrease in the PS sphere size. As the amount of SDS was fixed at 5% of the amount of
styrene, with increasing the styrene from (1 to 8%) the SDS would increase 8 folds. Therefore, due
to the SDS anionic nature, increasing the SDS concentration significantly increased the repulsion
between the SDS molecules and lead to the formation of a large number of small micelles.

Page | 133

Chapter 6: Macroporous WOx and BiWOx: Investigating Polystyrene Nanospheres for 3D hard templating

Table 6.4. Recipes for the monomer concentration effect on PS spheres size
Recipe

Styrene %

Particle size (nm)

SD

RSD%

PDI

M1

8

167

---

---

0.02

M2

4

161

---

---

0.07

M3

2

155

---

---

0.12

M4

1

125

---

---

0.115

M5

0.75

100

13.24

13.24

0.016

M6

0.5

102

---

---

0.053

M7

0.25

105

---

---

0.03

Temperature 90 oC; water 125 mL; PVP: 25% of styrene; KPS: 2% of styrene
Recipe

Styrene %

Particle size (nm)

SD

RSD%

PDI

M8

10

44

1.249

2.83

0.07

M9

8

50

2.198

4.39

0.036

M10

6

78

7.727

9.90

0.032

M11

4

121

---

---

0.01

M12

2

133

---

---

0.002

M13

1

140

---

---

0.024

Temperature 90 oC; water 125 mL; SDS: 5% of styrene; KPS: 2% of styrene
Moreover, with the increase in the monomer concentration and the number of micelles, it
would be easier for the initiator to diffuse and reach the monomer inside the micelles as mentioned
above. This would give a large number of nucleation sites at the beginning of the initiation step
leaving a small amount of styrene in the solution and leading to the formation of small size PS
spheres. This means that a higher concentration of styrene could be used to give smaller size PS
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spheres in large amounts instead of using only low concentrations like 1% or 2% and that would
be more convenient to lower the number of preparation batches for any application.

Figure 6.4. SEM images for a) PVP-M2 with 4% monomer concentration, b) SDS-M12 recipe
with 2% monomer concentration, c) SDS-M11 recipe with 4% monomer concentration, d) SDSM9 recipe with 8% monomer concentration, e) PVP-S5 recipe with 50% PVP of the styrene
concentration.
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6.3.4. The effect of initiator concentration
The initiator is the main component in emulsion polymerization as it starts the first stage,
which controls the whole process and the working mechanism of the initiator is discussed in detail
in the literature.242 The KPS initiator used in this study is an anionic water-soluble initiator that
decomposes thermally to give free radicals that diffuse into the micelles and start the
polymerization process. During the initiation step, KPS free radicals form nucleation sites that
attract styrene molecules from the monomer droplets that exist outside the surfactant micelles in
the reaction medium. The decomposition of the initiator is the step that determines the rate of the
polymerization reaction. This is because as long as initiator molecules are present in the solution
new radicals will form creating new nucleation sites which increase the rate of the polymerization
and lower the final particle size. KPS free radicals are formed by the initiator dissociation and the
rate of the dissociation determines the rate of the initiation process.240 Both rates are directly
proportional to their rate constants, the initiator efficiency, and the initiator concentration and that
explains the increased number of formed nuclei and the smaller particle size.
At low concentrations of the initiator, a few KPS free radicals will form and accordingly a
small number of nuclei. This would leave a large amount of the styrene monomer in the solution
that will eventually increase the final PS sphere size during the growth stage of polymerization.
Increasing the initiator concentration leads to a large number of free radicals that will, in turn, form
a large number of nucleation sites, leaving a small amount of the styrene monomer in the solution
to be incorporated in the growth of those nuclei and leading to the formation of small PS spheres.
However, after a certain KPS concentration, the increase in the number of KPS radicals would
have a limited effect on the PS sphere size, as the number of nuclei is already at maximum.
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In this research, the KPS concentration was varied from 0.5 to 6 % of the styrene, while fixing
the monomer and surfactant concentration at 8% and 5% of styrene, respectively. Increasing the
KPS concentration caused a decrease in the PS sphere size when SDS or PVP was used as a
surfactant. However, no further significant decrease in the size of the PS sphere was observed
when the KPS concentration reached 2% of the monomer concentration. The PS sphere size
changed from 184 to 153 nm in the case of PVP and went down from 62 to 48 nm using SDS.

6.3.5. The effect of polymerization time
The optimal recipe for the smallest size obtained using SDS (styrene: 8%; SDS: 5% of styrene;
KPS: 2% of styrene) was used to study the effect of polymerization time on the PS sphere size and
size distribution. Samples were taken from the polymerization mixture every three hours for 24
hours and the size was checked using DLS (Table 6.5). Over this time the size changed from 47
to 51 nm and the PDI changed from 0.1 to 0.036. As could be observed, the size was almost
constant in all samples but the size distribution is improved with the increase in polymerization
time as longer times allow the spheres to grow uniformly under the reaction conditions. While at
short polymerization times the spheres would not be entirely uniform as most of the styrene would
still be in the droplets and did not join the polymeric chains inside the micelles. The high surfactant
concentrations used in those experiments increased the polymerization reaction kinetics yielding
a high conversion rate which explains the minor change in particle size with time.254
Samples collected at 15 hours and above were found to be almost identical and this period
would allow for full conversion of the styrene monomer to polystyrene as most literature on
polystyrene preparation mention that the reaction time needs to be between 15 to 24 hours to ensure
full monomer conversion.248,250,267,268 In these experiments, the optimal polymerization time was
Page | 137

Chapter 6: Macroporous WOx and BiWOx: Investigating Polystyrene Nanospheres for 3D hard templating

found to be 15 hours but the polymerization process can be allowed to continue for 24 hours just
to improve the size distribution and the yield.
Table 6.5. Effect of the polymerization time on PS spheres size
Recipe

Time

Particle size (nm)

PDI

T1

3

49

0.092

T2

6

47

0.051

T3

9

51

0.081

T3

12

51

0.042

T3

15

50

0.057

T4

20

51

0.037

T5

24

50

0.036

Temperature 90 oC; water 125 mL; styrene: 8%; (SDS: 5%; KPS: 2% of
styrene)

6.3.6. The effect of polymerization temperature
The polymerization temperature was one of the parameters that had an obvious effect on the
PS sphere size. When solutions of 8% styrene; 5% SDS to styrene; and 2% KPS to styrene were
used to synthesis PS spheres at different temperatures (60 to 90 °C) (Table 6.6), and the smallest
sphere size was obtained at 90 oC for both surfactants. At high temperatures, the decomposition
rate of KPS increases (KPS decomposes between 50-60 oC),269 and hence more KPS free radicals
exist at the initial stage of the polymerization process causing more nuclei sites to form.
Accordingly, smaller particle sizes and narrower size distribution were observed as mentioned.270
This can also be noticed by the solution color, as the samples prepared at 60 and 70 oC remained
transparent after the addition of the initiator and took more than three hours for the solution to turn
fully milky white which means that there is an induction period before nucleation and
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polymerization happens. While the samples at 80 and 90 oC tuned milky white very soon after the
initiator was added to the solution indicating that the polymerization process started immediately
and PS spheres started to form in the flask.
Table 6.6. Effect of the polymerization temperature on PS spheres size
Recipe

Temperature oC

Particle size (nm)

SD

RSD%

PDI

C1

60

60

11.79

19.65

0.063

C2

70

56

9.81

14.51

0.050

C3

80

54

4.37

8.09

0.053

C3

90

49

2.94

6

0.036

Water 125 mL; styrene: 8%; SDS: 5% of styrene; KPS: 2% of styrene
Further testing showed that the samples prepared at 60 oC did not produce PS polymers
spheres. According to the DLS measurements, the sample has a wide size distribution which could
be explained by the slow initiation step that allows for the formation of a small number of nuclei
that grow in size while new KPS radicals initiated new nucleation sites forming polydisperse PS
spheres. However, when the samples were dried and analyzed by SEM, no PS spheres were
obtained and the dried powder was a resin-like brown residue in the bottom of the flask. This
means that the DLS measurements did not measure stable PS spheres that can be used.
In the case of PVP, the effect of the polymerization temperature was noticeable at all monomer
concentrations with a size difference of around 35 nm between (70 - 90 oC). However, after a
certain temperature and depending on the PVP concentration and other factors mentioned above
the high temperature will increase the dehydration of the nonionic surfactant making it
hydrophobic which promotes separation at the cloud point. While in the case of SDS, the change
of the size with the polymerization temperature was higher at low concentrations of styrene as
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SDS micelles size is decreased by increasing the temperature.271 When 2% concentration of styrene
was used the size decreased from 168 nm at 70 oC to 131 nm at 90 oC but at high concentrations
of 8% and 10%, the effect of the polymerization temperature became low because the high
concentration of the surfactant produced small spheres even at 70 oC as the results in Table 6.6.
show. Additionally, the increase in temperature would decrease the solution surface tension272 and
it would increase the solubility of the monomer which leads to the formation of smaller size
particles as discussed.
The standard deviation (SD) and relative standard deviation (RSD%) were calculated for all
recipes prepared at least three times and the values obtained are shown in the tables next to each
recipe while the standard errors are illustrated in Figure 6.5. Finally, the polymerization yield was
calculated for all samples that had no precipitation after the experiment time ended (usually 24
hours). The solution was poured into a petri dish and heated in an oven at 80 oC overnight to
evaporate the solvent. Then the dried powder was washed with ethanol several times and left to
dry and then the mass of the starting monomer was divided by the mass of the dried polymer. As
most of the experiments were conducted at 90 oC the yield ranged between 87% and 92% and even
the experiments conducted at lower temperatures (70 and 80 oC) gave a yield of at least 85% after
24 hours of polymerization. The C1 sample prepared at 60 oC was the only experiment to give a
yield of 72%.
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The experiments to prepare the colloidal crystal template were successful at the end but it
took time and generated a lot of data that were seen as too much data to add to the work of this
thesis. Therefore, the discussion of those results and the preparation of the ordered macroporous
metal oxide structures along with the study of their performance as electrode modifiers for VRFBs
will be the basis for future work to be done.

Figure 6.5. Bar graph illustrating the standard errors of the size means calculated for three
experiments for each recipe.

6.4. Conclusion
The results obtained by recipes M8 and M9 indicated that no agglomeration happened and
that the resulting emulsion did not need any filtration or centrifuging to get the final highly
monodispersed 50 nm spheres. It was also found that using PVP on its own gave a final sphere
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size of 100 nm with high monodispersity. The obtained results showed that the surfactant and
monomer concentration and the polymerization temperature are the parameters that control the
final size the most. When using a mixture of SDS and PVP the ratio between the two and the
polymerization temperature is of great importance to get an emulsion with high monodispersity
and without any agglomerates.
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7.1. Conclusions
The development of our world needs to be matched with the development of energy
conversion and storage devices that can be integrated with the electrical grid providing sustainable
solutions for energy demand problems. VRFB offers a solution for both energy conversion and
storage problems with its many advantages that allow it to be scaled up easily and provide a
consistent, reliable, and long-term energy source. However, even though the battery is being used
today in large scale applications its spread is still limited due to the high installation costs that are
mainly concentrated with the cell stack that involves the membrane and the electrodes, and due to
the low power density that needs to be increased for the battery to be more suitable for the electrical
grid demands.
Modifying the electrode would help with those two problems as it will lower the installation
costs and it would help increase the battery’s power density by enhancing the redox reactions
kinetics allowing for better reversibility and lowering the degradation of the carbon-based
electrodes by the battery’s acidic electrolyte. This research was focused on enhancing the carbon
cloth electrode performance towards the V2+/V3+ redox reaction using tungsten and bismuth
oxides. The effect of different parameters on the metal oxide catalyst modified electrodes
performance was explored to determine the best electrode that will enhance the V2+/V3+ reaction
the most.
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When tungsten oxide was used with different loading values, different preparation pH, and
different structures, the electrode performance was enhanced greatly showing two clear peaks for
the V2+/V3+ redox reactions with good reversibility and low peak separation that changed
depending on the loading value, the pH, and the oxide structure going from around 150 to 67 mV
for the WNWs and an average value of 100 mV for the WNFs electrode prepared at pH= 2. The
defects in the oxide structure and the type of the structure itself were the factors that influenced
the electrode performance the most. The increase in the loading value increased the peak current
and the peak separation as well. The electrodes stability results showed that the modification made
the CC electrode stable with low HER activity that increased at lower pH as a result of the
enhanced activity of the electrode such as the case of WNWs. The metal oxide increased the
oxygen and oxygen defects content at the electrode surface which increased the number of active
sites for the redox reactions. The reaction was found to be mixed controlled by the electrical double
layer and vanadium ions diffusion.
When binary bismuth tungsten oxide was used to modify the electrodes, all the electrodes
showed enhanced performance compared to the UCC electrode with the loading value, the number
of defects, and the metal molar ratio affecting the electrode performance are the major factors. The
BiW2Ox catalyst prepared at pH= 2 showed the best activity with high peak currents and low peak
separation that reached 63 mV with an average value of 75 mV for most loading values. The
modified electrodes stability was not optimal due to the promotion of the HER being clear in all
electrodes. The BiWOx electrode however showed good activity with an average of 90 mV peak
separation and high stability after 150 cycles with no apparent HER activity. The Bi2WOx on TCC
prepare at pH 5 also showed high stability up to 300 cycles with low HER activity and an average
of 100 mV peak separation which confirms the bismuth effect on suppressing the HER as expected.
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PS nanospheres were prepared using the emulsion polymerization method to investigate their
usage as a hard template to prepare tungsten oxide and binary bismuth tungsten oxide ordered
porous structures with a large surface area and controlled pores to be used as electrode modifiers
for the CC electrode to enhance the V2+/V3+ redox reaction. The results showed that using SDS
surfactant and adjusting the preparation parameters allowed for the preparation of monodispersed
sub-50 nm PS spheres that can be suitable for the preparation of colloidal crystal hard templates
and hence produce ordered porous structures with high surface area. The temperature of the
polymerization process along with the surfactant and monomer amounts were found to be the
factors that affected the PS size the most.

7.2. Future Work
Suggestions for further research depending on the findings in this thesis include:
1) Doing full cell measurements using the best-modified electrodes to get more insights on
the electrode modification effect on the VRFBs' overall efficacy.
2) Inserting or doping the prepared binary bismuth tungsten oxide with other metals that are
known to have a positive effect on the V2+/V3+ redox reaction
3) Doing a deeper pH effect study on the performance of the tungsten oxide and binary
bismuth tungsten oxides catalysts and the effect of using carbon in the reaction media to
prepare defect-rich oxides.
4) Using PS collide crystal template to prepare ordered porous structures of both catalysts and
study the effect of this structure with its high surface area on the electrode performance
towards the V2+/V3+ redox reaction.
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